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Mr. A. 0. Friedland 
Department of Public Works 
City and County of San Francisco 
San Francisco, CA 94102 
Dear Mr. Friedland: 
This report contains the latest results from our control strategy 
studies in Vicente Basin. It is intended to be the completion report 
for the simulation studies initiated in 1972 as a joint effort by your 
staff and CSU. An interim report addressed to the same problem was sub-
mitted on April 20, 1973. We subsequently discussed with Messrs. Giessner, 
Moss and Coffee the continued Vicente Basin simulation work reported 
herein. For full understanding, this report should be used in conjunc-
tion with our report "Metropolitan Water Intelligence Systems, Completion 
Report, Phase II I, " 19 7 4. 
In order to be useful this work should be presented to your technical 
staff members responsible for implementing the wet weather portion of the 
Master Plan. Toward that objective, I can arrange such a presentation at 
your convenience. For the information of persons not familiar with the 
SFDPW-CSU cooperative studies, I have described the background leading to 
the presentation of the report in a "Foreword" section of this report. 
Speaking for myself and the others at CSU who have worked on this 
project, we feel that the concepts presented for wet weather control in 
the Master Plan offer substantial promise for a cost-effective solution 
to the wet weather problem. We feel that the technical work contained 
in this and in related reports has a great deal to offer those who will 
implement the automatic control system necessary to best utilize this 
innovative system. We therefore hope that our work will continue to be 
of use in this effort. With best regards, 
Yours very truly, 
~~ 




By Neil S. Grigg 
This report represents the partial results of a two year cooperative 
research effort between Colorado State University and the San Francisco 
Department of Public Works. The focus of the investigation has been on 
the development of techniques for computer control of the wet weather 
portion of the 1973 "Master Plan for Wastewater Management." 
The work reported herein has been completed with financial support 
from the U. S. Department of the Interior, Office of Water Resources 
Research. The title of the three-year project was "Metropolitan Water 
Intelligence Systems" (MWIS). A number of other reports have been 
issued. They are listed at the end of this section. 
This cooperative work was initiated through the efforts of Murray B. 
McPherson, Director of the ASCE Urban Water Resources Research Program. 
The work was essentially started in summer of 1972. Professor McPherson 
~ 
described the work plan for CSU as follows (from his July 5, 1972 
memorandum to Mr. William Giessner). 
IOtORADO STATE UN~ITY 
Telephone: 617- 631-7137 
I AMERICAN SOCIETY OF CIVIL E"NCINEER.S 
=========~IJ::===========U=R=B=A=N==W=A=T=E=R=R=E=S=O=U=R=C=E=S=R=E=S=E=A=R=C=H=P=R=O=G=R=A=M=============== 
ADDRESS REPLY TO: 
M. B. McPherson, Director 
ASCE Urban Water 
Resources Research Proqram 
23 Watson Street 
Marblehead, Massachusetts 01945 
Jl~l10RAHDUH 
Toa Mr. WUHam B.. GieHner, Planning and 5tud1e• Head, Division of Sanitary &\gineering, 
DPW, San Franchco 
From: M. B. McPherson, progr.010 director 
Subject: Preliminary wurl; plan for Colorado State Univeroity project for a supplementary 
input to the firot otcp of the UPlv/St Plan for Reaearch, Development and 
Demonstration ~criod of Wet-Weather Upstrcom Control Program 
Date: July 5, 1972 
Under a memorandum of Juno 20, 1972, I sent to Mr. A. o. Friedland my interpretation of 
"City ond County of San Fro.nclsco, Plan for Research, Development nnd Demonstration Period 
of Wet-Weather Upntre,!IJJI Control Program, Juna. 1972-Febru.nry, 1977 .'' '.34 pnsoo. Please see 
pagc-s 29 and 30, particularly the lat tor, for my general eui.'Wary of C5U' e intentions. '. the 
following is the preliminary CSU worlt plan for "Demonstration of Control Development _ 
Capability" aa prepared lo.st week by Prof. Neil Grigg and subsequently modified by mel 
l. Obtain physical definition from DN of Vicente catchment, including catchment boundary, 
aewcr layout, and related factors that the DP\-1 have been using for analysis of rainfall· 
runoff ·dota on the catchment. I 
2. OhtRin one-minute intP.rvnl ra'-~ lla (or ~ho~ter interval, if available) and associated 
sta~~s or flows for th<! about one dozen stoma of record applicable to the Vicente · 
catchment. Preoll'118bly, the UP'W b currently using this same data in analysis of the 
Vicente catchment. 
3. Ueins a simple motlt?l. determine the runoff coefficient, or nimilar para.-u.?ter, anJ 
other necessary catchment response characteristics, for the storms of record at the 
flow gage aites. 
4. Apply these calibrction, to the Vicente catchment as changed by the addition of the 
new storage basina oa sized and located for the preliminary t1aotar Plan of 1971 and 
make tha following tests: 
' I 
- 2 - July 5 1 1972 
3 • Si11rulate operntion for thu ellrne storms of re.cord for a range of withdrawal-to-
trea tment rates a.nJ possibly a rango of storage-use. 
b. Explore effects of potential e~uipraent malfunctions on capabilttiea for meat1ng 
the preceding ranges of control objectives. 
5. Su Gcqucnt t o o. review of fimlingo on "4" with DPW persotl.nel, rl!&i.ch agreement with 
t 1cm on desien stonns or aeries of stoI'I:lo to bo applied in ,mhsequont tests. For 
eJ~emplo , larg13 -volum<? and om!l.ll-vohm1e extremes could be ur, cd or a series of large-
volume storms bl.lsecl on the U.S. Heather Service gogo record m!cht be olected instc.id. 
Also, revieu with Dl'W pcrsumv:?l ovt•rall City atonn movement-pattern characteristics 
as they mi&ht affect individual catchment responaeo. 
6. Uaing thG storm series selected& 
a. 31,-:ul~te operation for the same l·anao of operating criteria aB before except 
for different storage volwnes and/or locations. 
b. Stu1\y pot<:'ntiol t>quipnient malfunctions as before, plus th~ effects of changes 
in control <:1:·itcria tlurillg u slorm 02.· deviation of ud.nfnll fl·om predicted 
behavior <luring a storm. 
7. Prepare Slmznary CJ! findings for the DP\/ anJ review these with DFW for the purpose of 
insuring their maximum utility to the DPW. 
8. Proceed to cxp.,nd the Vicenta cnse stu<ly into a ccnr.rnlizcd npplicntion. (This is 
Fha.sa Ill of the C!;U otucly). Whether or not this phase would coUJ11e.nce with analysis 
of other SF cntcbmenta woul<l uo up to the DPW. 
Any an<l all rcpart.s prepal·e1i by c:;u dcnlinn with SF, <lircctly or by i mplication, would be 
reviewed by the DP\! before 1listril>ution by CSU, and rcviscJ ns required by tho DPW with 
regard to interpretation. For example, there should be no sue~Mtion included that operatins 
criteria etu<licd ar~ neccoGo.rily amon8 thoao the IJPW will ulti1u.'\tely adopt, inasmuch aa 
DPW work will have procco<lod independently of tho CSU project. 
Your early reaction to this preliminary plan for C!:U is eamastlr requested. 
CCI Dr. Neil Grlge, CSU 
Mr. A.O. Friedland, 5F/DPH 
Dr• G. F. Y.angan, 0'1-IPJl 
Following the early coordination necessary to initiate the project, 
a number of visits were exchanged between SFDPW and CSU personnel. A 
great deal of data and technical guidance was furnished by SFDPW to CSU. 
Extremely helpful initially were W.R. Giessner and Frank Moss and later, 
Harold Coffee. 
Since the work described by Professor McPherson was initially con-
cerned with a catchment study, the Vicente Basin, an effort was mounted 
at CSU to launch a city-wide study concerned with control strategy. A 
grant from NSF-RANN was approved to begin this study on July 1, 1973. 
The principal result of this so far has been one Ph.D. dissertation 
entitled, "Real Time Control of a Large fcale Combined Sewer System" by 
Bruce H. Bradford, and one paper scheduled for publication by ASCE en-
titled, "Automatic Control of Large-Scale Combined Sewer Systems" by 
John W. Labadie, N. S. Grigg and B. H. Bradford. 
A proposal to OWRR entitled "Implementation of Optimal Computer 
Control for Combined Sewer Systems" was submitted in January, 1974. The 
objective of that planned W' -~ k is to continue and assist in the imple-
mentation of the work described in this report. The proposal has not 
been acted upon at the Time of this writing. 
Other MWIS Reports that have been issu9d are as follows: 
Technical Report No. 1 - "Existir ~ Automation, Control and 
Intelligence Systems of Metro1 litan Water Facilities" 
by H. G. Poertner. (PB 214266) 
Technical Report No. 2 - "Computer and Control Equipment" 
by Ken Medearis. (PB 212569) 
Technical Report No. 3 - "Control of Combined Sewer Overflows 





Technical Report No. 4 - "Task 3 - Investigation of the 
Evaluation of Automation and Control Schemes for Combined 
Sewer Systems" by J. J. Anderson, R. L. Callery, and 
D. J. Anderson. (PB 212573) 
Technical Report No. 5 - "Social and Political Feasibility of 
Automated Urban Sewer Systmes" by D. W. Hill and L. S. Tucker. 
(PB 212574) 
Technical Report No. 6 - "Urban Size and Its Relation to Need for 
Automation and Control" by Bruce Bradford and D. C. Taylor. 
(PB 212523) 
Technical Report No. 7 - "Model of Real-Time Automation and 
Control Systems for Combined Sewers" by Warren Bell, C. B. Winn 
and George L. Smith. (PB 212575) 
Technical Report No. 8 - "Guidelines for the Consideration of 
Automation and Control Systems" by L. S. Tucker and D. W. Hill. 
(PB 212576) 
Technical Report No. 9 - "Research and Development Needs in 
Automation and Control of Urban Water Systems" by H. G. Poertner. 
(PB 212577) 
Technical Report No. 10 - "Planning and Wastewater Management 
of a Combined Sewer System in San Francisco" by Neil S. Grigg, 
William R. Giessner, Robert T. Cockburn, Harold C. Coffee, Jr., 
Frank H. Moss, Jr., and Mark E. Noonan. (PB#-to be assigned) 
Technical Report No. 11 - "Optimization Techniques for Minimization 
of Combined Sewer Overflow" by John W. Labadie. (PB#-to be 
assigned) 
COMPLETION REPORTS 
"Metropolitan Water Intelligence Systems Completion Report -
Phase I," by George L. Smith, Neil S. Grigg, L. Scott Tucker 
and Duane W. Hill. (PB 212529) 
"Metropolitan Water Intelligence Systems Completion Report -
Phase II," by Neil S. Grigg, John W. Labadie, George L. Smith, 
Duane W. Hill and Bruce H. Bradford. (PB 221992/1) 
"Metropolitan Water Intelligence Systems Completion Report -
Phase III," by Neil S. Grigg, John W. Labadie, and Harry G. 
Wenzel. 
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CHAPTER I 
INTRODUCTION 
A. Background for the Report 
Since 1971 Colorado State University has been involved in a project 
entitled "Metropolitan Water Intelligence Systems" under the sponsorship 
of the U.S. Office of Water Resources Research. The overall objective 
of this study is to examine criteria, rationale and guidelines for 
planners, managers and designers concerning the development and imple-
mentation of automation and control facilities for urban storm and 
combined sewer systems. The study was divided into three phases with 
compl-etion reports issued for each phase [9, 5, 6] in addition to eleven 
Technical Reports as of June 30, 1974. 
The need for this study grew out of the increasing concern about 
water quality, particularly in urban areas. The cost of significantly 
improving the quality of wastewater, particularly in combined sewer 
systems, is very high and thus any effort in this direction requires 
careful and extensive planning. The San Francisco Master Plan for 
Wastewater Management [4] satisfies these requirements. At this point 
it is a preliminary plan with four alternative design levels for storage 
and a general operational scheme established as the wet weather plan. 
In order to proceed to the next planning stage, it is necessary to 
examine in detail the capability and cost-effectiveness of an automated 
control system which is operated so as to make the most efficient use 
of the detention reservoir system in terms of pollution reduction. 
The development and study of control strategies for accomplishing this 
was one of the principal objectives of Phase III of the study. Figure I-1 
is a chart which summarizes the steps leading to on-line operational 
control of the wastewater system. The efforts described in this report 
1 
FIGURE I-1 
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3 
begin in the preliminary planning stage and carry over into subsequent 
stages. 
B. Objectives of This Report 
This report was prepared specifically for the City of San Francisco 
as a supplement to the MWIS Phase III Completion Report. Its objective 
is to concentrate on the results and techniques for control strategy 
development. In addition, certain data and analyses which were gathered 
or performed during the course of the study and not presented in the 
Phase III report appear here. 
Although considerable reference to the Phase III report is made, 
the material concerning control strategy development is organized 
differently. Primary emphasis is placed upon results and theoretical 
development is minimized. This report should be regarded as a supplement 
to the Phase III report. It focuses on the control strategy aspect 
and is written for the planner and engineer rather than the researcher. 
The material that is not in the Phase III report is contained 
primarily in Chapter IV and the appendices. A quantitative summary of 
the thesis results of the second author concerning a specific city-wide 
control strategy technique are presented in Chapter IV. Detailed rainfall 
data for large storms in San Francisco, analysis of storm parameters 
and a summary of subcatchment data are presented in the appendices. 
This information is presented as reference material for possible future 
use. 
CHAPTER II 
RUNOFF HYDROGRAPH PARAMETER IDENTIFICATION MODEL 
A. Model Description 
Of basic importance in any simulation model is the evaluation of 
the parameters or coefficients which are used, i.e., the calibration of 
the model. 
The rainfall-runoff model used in the Vicente Subbasin simulation 
model is based on the instantaneous unit hydrograph. This is a rela-
tively simple model requiring two parameters: a runoff coefficient, C, 
and a routing constant, K 
Because rainfall data are available from the San Francisco raingage 
network and runoff data are available from the flow gage system it is 
possible to calibrate the rainfall-runoff model using actual field data. 
To do this a parameter identification model was developed to determine 
C and K using actual data for Vicente Subbasin. 
The rainfall data was supplied by the City of San Francisco in the 
form of an average mass curve for each storm with values at 15 minute 
increments. This data was formulated from the raw raingage data using 
the City's SYMAP computer program. The runoff data was in the form of 
sewer level readings at 15 second intervals for Flow Gage 125 located in 
a 6.0 ft. diameter sewer at Vicente St. and 34th Avenue. The rating 
curve used by the City to convert level readings to discharge was based 
on the application of Manning's equation with n=0.013. 
The objective of the parameter identification model was to deter-
mine the values of C and K which produced the best agreement between the 
predicted outflow hydrograph from the rainfall-runoff model and the 
actual hydrograph as measured by F.G. 125. The runoff coefficient is 
easily computed as the ratio of runoff volume to rainfall volume for 
5 
6 
any storm. However, because K is primarily a mathematical parameter 
rather than a physical one it is the parameter which can be adjusted to 
maximize hydrograph agreement. 
The model was set up to determine the outflow hydrograph using one 
of two methods, both based on the instantaneous unit hydrograph. The 
first method treats the watershed as a single linear reservoir. The 
second employs a linear reservoir-linear channel or Clark [2] model 
using either a triangular or specified time-area histogram. Two types 
of hydrograph fitting criteria were used. One identified the K value which 
minimized the standard error between the entire observed and calculated 
hydrographs. The other identified the K which minimized the sum of the 
relative error for the peaks and time to peaks. Further details are 
explained in the Phase III MWIS completion report. 
A listing of the FORTRAN program for the model is given in Appen-
dix A. 
B. Flow Gage 125 Rating Curve 
Initial results from the parameter identification model indicated 
runoff coefficients greater than unity for some storms. Since it was 
unlikely that the precipitation data caused this problem a hydraulic 
analysis of F.G. 125 was performed to check the validity of the assump-
tion of uniform flow in developing a rating curve. The analysis is 
described herein because it points to potential problems at other flow 
gage sites as well. 
Flow Gage 125 is located 8 ft. downstream from the outlet of a 
junction structure which combines the flow from three inflow lines. A 
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slope of all four pipes is hydraulically steep throughout the range of 
possible open channel flow. Therefore if unsteady effects are ignored 
the water surface profile in the entrance region of pipe 4 is either 
uniform or type S-2, depending on the water level in the junction structure. 
It is difficult to determine theoretically if the water level in 
the junction structure will, in general, be high enough to generate the 
S-2 profile, however it appears that at least at high flows this would 
be the case. A check was made at a total steady throughflow of SO cfs. 
Specific energy values at the exits of pipes 1, 2 and 3 were computed 
using Manning's equation with n=0.013. The specific energy for critical 
flow at the entrance to pipe 4 was computed as well. The results are 







Specific Energy for Q=SO cfs 
Assumed Q Depth Specific Energy 
(cfs) (ft.) (ft.) 
12.4 0.56 2.77 
18.6 0.63 3.82 
19.0 0.97 1.71 
50.0 1.92 2.56 (critical flow) 
Table II-1 shows that sufficient energy is available to cause some 
pooling in the junction structure at this relatively low flow. Pooling 
would also be encouraged by the inflows from the three upstream lines 
colliding in the structure. 
It therefore seems possible that the depth at F.G. 125 is above normal 
and possibly near critical depth. It is difficult to be more precise 
9 
without field measurements because of the complex flow pattern in the 
entrance region of pipe 4. With this in mind there are two approaches 
to developing a new rating curve. The first and most simple is to 
assume that critical depth occurs at F.G. 125. This will produce the 
lowest flows for a given level reading commensurate with the hydraulic 
conditions. The second is to assume that critical depth occurs at the 
entrance to pipe 4 and to construct appropriate water surface profiles 
for various flows to determine the corresponding depth at F.G. 125. 
The results of the first approach are shown in Figure II-2 to-
gether with the uniform flow curve. For flows below 200 cfs both curves 
are linear on the log-log plot, thereby facilitating their mathematical 
description. Letting Qn and Qc represent the discharge assuming 
normal and critical depth respectively at F.G. 125 the relationships 
shown on Figure II-2 apply. They can be combined to yield 
Q = 0.522 00.951 
C 'n ~'Qc < 200 cfs (1) 
which shows that the discharge is approximately 50 percent of the value 
obtained using the uniform flow rating curve. 
The second approach was used for three discharges. The resulting 
depths at F.G. 125 were applied to the critical flow rating curve to 
obtain corresponding discharges. The ratio of the actual discharge to 
the value obtained from the rating curve is the correction factor which 
should be applied if the critical flow rating curve is used. The results 
are shown in Table II-2. 
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Rating Curve Correction Factors 
Actual Q Q from Rating Correction 
(cfs) Curve Factor 
(cfs) 
50 39.7 1.26 
100 78.1 1.28 
300 250.0 1.20 
In this case the flow is approximately 25 percent higher than if critical 
depth occurred at F.G. 125. 
As a result of this analysis the critical depth rating curve shown 
in Figure II-2 was used in the parameter identification model. This 
results in reasonable runoff coefficients and the results are discussed 
in the next section. 
It can be concluded that if the data from any flow gage is to be 
used for model calibration or verification a hydraulic analysis of that 
particular gage is necessary. 
C. Results of Hydrograph Parameter Identification Model 
A total of 19 storms were processed through the model. The results 
are summarized in Table II-3. In this table the Time Increment is the 
increment associated with the rainfall hyetograph and T is the time 
difference between the centroids of the hyetograph and the outflow 
hydrograph. For the Clark routing a symmetrical time-area graph was used 
with a total base time of T. 
The resulting runoff coefficients are reasonable with the exception 
of the final value in the table. The average of these values is 0.633 
which is close to the 0.66 value commonly used for preliminary design 
Storm Date 
Year I Day 
I 
1971 I 342 1971 343 
1971 I 345 
1971 I 346 
1971 I 348 1971 348 
1971 I 358 
1971 I 358 
1971 I 359 1972 22 
1972 I 22 




1972 I 52 1972 52 I 1972 52 
1972 I 81 
1972 I 102 
Table II-3 
Results of Hydrograph Parameter Identification Model 
Duration Time Total Precip. 
(min) increment Precip. (in) Excess (in) 
(min) 
375 15 0.28 0.17 
600 30 0.31 0.16 
705 15 0.44 . 31 
525 15 0.46 0.29 
120 15 0.07 0.04 
330 15 0.12 0.11 
600 60 0.54 o. 30 
400 10 0.56 0.28 
600 20 0.48 0.29 
150 5 0.26 0.12 
300 60 0.22 0.17 
330 30 0.29 0.20 
150 5 0.26 0.15 
480 30 0.49 0.34 
135 15 0.32 0.19 
300 60 0.19 0.13 
100 10 0.12 0.11 
165 15 0.14 0.06 















































K (hrs) T 
Overall Fit (hrs) 
Criterion 
Clarkf SLR 
0.41 0.61 0.84 
0.04 0.44 1. 28 
0.95 0.85 0.86 
0.67 0.67 0.57 
0.29 0.69 0.83 
0.52 1.02 1.17 
0.01 0.01 1.33 
0.07 0.57 0.83 
0. 32 0.42 1. 23 
0.37 0.57 0.62 
0.02 0.02 1.19 
0.21 0.21 0.66 
0.20 0.40 0.47 
1. 38 1.19 1.39 
0.35 0.55 0. 71 
0. 71 o. 71 1. 22 
0.36 0.76 0. 77 
0.13 0.43 0.62 
o.35 I o.65 0.87 
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of the system. The high values are usually associated with a low total 
precipitation which is reasonable since in this case errors in base 
flow estimation seriously affect the precipitation excess value. If 
storms with total precipitation less than 0.20 in. are excluded from 
the analysis this problem will be considerably reduced. 
The optimum K values vary considerably and it is difficult to 
correlate this variation with any of the storm parameters. Some of this 
variability is caused by the optimization scheme which simply seeks the 
value of K which minimizes the error criterion and does not consider 
variation in the criterion around the optimum value. In other words, 
the relative reduction in the fit error may be small over a range of K 
values but a minimum is achieved at an extreme value. This could explain 
some of the very low values shown. The K values for the Clark method 
are generally lower than those for the single linear reservoir method, 
particularly when using the overall fit criterion which could be ex-
pected. There is some correlation between T, which is a measure of 
travel time, and K. It can be concluded that the uncertainties in the 
data together with the approximations inherent in the model do not 
justify the use of an optimization scheme for choosing K which ignores 
these uncertainties. It would be better to exercise some judgment based 
on experience gained from processing more storms on various sizes of 
subcatchments through the hydrograph model. 
The data in Table II-3 are all for one size of subcatchment. The 
subcatchment sizes used in the Vicente simulation model were much smaller 
and thus these results are of little value in assigning K values in that 
case. Therefore an analysis of rainfall-runoff data from small sub-
catchments would be quite useful and would probably result in a better 
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fit between observed and predicted hydrographs. Time did not permit 
this to be done in the context of this study. In fact the general 
question of the optimum level of aggregation to be used in the simula-
tion model remains to be investigated. 
CHAPTER III 
SIMULATION APPROACH FOR CONTROL STRATEGY 
DEVELOPMENT FOR VICENTE SUBBASIN 
A. Vicente Simulation Model 
The Vicente model is described in some detail in the MWIS Phase III 
report. It was developed to investigate the response of the Vicente 
Subbasin detention reservoir drainage system to various reservoir control 
strategies. The model is general in that it will accept as input storms 
with temporal and spatial variation. The manner in which these storms 
are obtained is arbitrary. It is a distributed deterministic model using 
the instantaneous unit hydrograph concept to generate runoff. Level pool 
routing is used for the detention reservoirs and a modified Muskingum 
routing scheme is used in the sewer lines. 
The Cunge-Muskingum routing method described in the MWIS Phase III 
report was modified somewhat from the original approach as proposed by 
Cunge [3]. The Cunge method treats the travel time through the reach as 
a variable based on the wave celerity which is computed at each step in 
the routing process. It was found that this process resulted in a loss 
of water volume under the downstream hydrograph. In other words, conser-
vation of mass was being violated. This was an unacceptable situation 
because of the importance of reservoir overflow volume as a performance 
parameter for evaluation. Therefore a constant value of wave celerity 
was used for each reach, regardless of the actual flow. This value was 
computed assuming that the pipe was flowing half full. Although this 
may have produced some minor changes in the resulting hydrographs, they 




The input data for the Vicente model in addition to the rainfall 
data is summarized in Table IV-2 of the MWIS Phase III report. Pipe 
geometry and slope data were average values estimated from the detailed 
information in the San Francisco Department of Public Works Master Plan. 
The runoff coefficients for all but two subcatchments are for similar 
residential areas and a value of 0.65 is reasonable based on Table II-3. 
The two subcatchments with C=0.35 are park areas with a larger propor-
tion of unpaved area than the others. The K values are estimates based 
on approximate travel times for the subcatchments. Since the data in 
Table II-3 are for the group of subcatchments upstream from F.G. 125 
the values shown there are not applicable. The two subcatchments with 
K=0.2 are for the park areas which have a lower sewer density, hence 
the higher value of K. The dry weather flow values used in the model 
are based roughly on an average value of lcfs/sq.mi. The results are 
not sensitive to this value since the flow during storms is usually 
much higher. The data from F.G. 125 as well as other flow gages could 
be used to estimate the dry weather flow more accurately. 
It is clear that the model calibration as described above is not 
precise. Good calibration of F.G. 125 as well as flow measurements at 
other points in the system are needed. However, the purpose of the 
model was to compare control strategies, and for this purpose it is 
adequate. 
Appendix B contains a FORTRAN listing of the model which is in-
cluded as a subroutine in the statistical analysis program discussed in 
Section D.3. 
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B. Effect of Control Strategy on Vicente Subbasin System Performance 
B.1 Possible Approaches 
These are two basic approaches which can be employed to develop 
control strategy. One is to assume various strategies and to test 
them using the model. The second is to determine the optimum 
strategy for a series of storms and to attempt to generalize the results. 
The criterion for optimality using the Vicente Subbasin model is to 
minimize the volume of overflow from the detention reservoirs. The 
second approach has the advantage of directly yielding the desired 
results. However, the resulting strategy may be quite complex and 
difficult to specify as a function of individual storm event characteris-
tics. The first approach has the advantage of the prior knowledge of 
the general form of the control strategy. The strategy parameters can 
then be manipulated to produce the best results within the context of 
that particular form of strategy. However, there is no guarantee that 
some other general strategy would not produce still better results. 
The problem of developing an optimal control strategy for the entire 
city system is indeed a challenging one. This study is just a first 
step in solving that problem. Hopefully, by examining a particular 
subbasin in some detail some idea of the relative improvement in system 
performance gained by real time reservoir control can be achieved. With 
this in mind a single general strategy was chosen for investigation. 
It is a logical one, easily described and could be readily implemented. 
It thus could serve as a basis for evaluating the possible improvement 
which might be expected for the city-wide system performance as a result 
of real time control. 
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B.2 The Control Strategy Selected for Study 
The general strategy is described in Chapter IV, Section C.2 and 
illustrated in Figure IV-1 in the MWIS Phase III report and is swnmarized 
here. The outflow from each of the three upstream reservoirs in Vicente 
Subbasin is uncontrolled until the inflow exceeds a value Q If imax 
and when this occurs the outflow is controlled at Q and the excess imax 
inflow is stored in the reservoir. If the reservoir becomes filled the 
excess inflow becomes overflow. This may take the form of street 
flooding in the case of the upstream reservoirs, or would be discharged 
into the receiving waters in the case of the downstream reservoir 
(reservoir 12-2). The control is maintained until the inflow drops 
below Q in which case the outflow is uncontrolled again. The imax 




Q. = C.(0.3 in./hr.)A. 





where C. and A. are the runoff coefficient and drainage area upstream 
l l 
of reservoir i A value of 0.3 in./hr. was used in Equation (3) since 
this rainfall intensity was one of the values for the design capacity 
of the lines discharging from a subbasin in the San Francisco Master 
Plan. This procedure proportions the controlled outflows according to 
drainage area yet permits Q to be specified for all reservoirs imax 
simply by specifying the value of a Therefore a, which can be 
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termed the Qon;tJr.ol level., is the parameter which completely describes 
the specific control strategy for the upstream reservoirs. The maximum 
outflow from the downstream reservoir is governed by the overall 
operating strategy for the city-wide system. It can be viewed as the 
link between the various subbasins. It has an upper limit established 
by the capacity of the proposed line leading to the interceptor. This 
corresponds to a4 = 1.0 since the line has a design flow equivalent 
to 0.3 in./hr. The subscript on a refers to the fourth reservoir 
(12-2) in the subbasin system. The case where outflow is limited to 
the treatment plant capacity (0.l in./hr. ,over the entire city) is 
represented by a4 = 1/3. 
B.3 Results of Control Strategy Application 
The control strategy described in the previous section was developed 
and applied for Alternate B storage using the techniques described in 
Sections C and D. The important results are summarized here for 
emphasis rather than at the end of the chapter. 
The evaluation of a strategy must be done on a statistical basis 
to be meaningful. To use a few individual storms for this purpose could 
be very misleading. Therefore, the average values and probability 
distributions of performance parameters which result from the applica-
tion of a long term historical rainfall record to the Vicente simulation 
model are meaningful and serve as a valid means of evaluation. 
Within the general control strategy under study a number of 
variations or Qon;tJr.ol level ~bl.ategiel.> were investigated using the semi-
continuous simulation technique. In order to facilitate discussion they 











No control. Maximum upstream reservoir 
outflow= outflow line capacity. a~ 3.0. 
Zero overflow rule curve, Figure III-4 
* Optimization rule curve [a= a 
Effective duration defined by 
Minimum a= 0.4. 
from Equation 8] 
p p. = 1.6 max 1 
Optimization rule curve, [Equation 8] 
Effective duration defined by 
Minimum a= 0.5 
= 2.0 
Constant a (weighted average) for all storms 
a = 1.416 for a4 = 1.0 from strategy 4 results 
a = 0.735 for a4 = 1/3 from strategy 3 results 
Constant a (mean value) for all storms 
a= 0.829 for a4 = 1.0 from strategy 4 results. 
Strategy 1 is the do no~lu.ng strategy and serves as a common basis 
for comparison. Strategy 2 was developed using the zero overflow curves 
with a4 = 1.0 as described in Section C.l. Strategies 3 and 4 are 
based on the rule curve developed from the optimization technique dis-
cussed in Section C.2. The adaptation of this rule curve to non-
uniform intensity storms is discussed in Section D.3 and these strate-
gies represent different adaptation criteria. Strategies 5 and 6 were 
included to show the results of using a constant value of a for all 
storms. This implies that no storm forecasting procedures are employed. 
The value of a used was computed in two ways. In strategy 5, a was 
computed as the mean of the a values for each overflow producing 
storm from strategies 3 and 4 weighted according to the overflow volume 
from each storm. In strategy 6, the simple unweighted mean of the a 
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values from strategy 4 for a4 = 1.0 was used. The corresponding case 
for a4 = 1/3 was not studied. 
The average values of four system performance parameters resulting 
from the 66 year historicai rainfall record for San Francisco are given 
in Tables III-1 and 2 for a4 = 1 and 1/3 respectively. 
Table III-1 
Average Results of Control Level Strategies 
for a4 = 1.0 
Control Level Strategy 
Parameter 1 2 3 4 5 6 
* Ave. Vol. of OF /yr. [in.] 0.058 0.032 0.072 0.036 0.036 0.046 
Ave. Number of OF/yr. 0.641 0.300 1. 760 0.920 0.500 0.580 
Ave. Vol. of OF/OF [in.] 0.091 0.106 0.041 0.039 0.072 0.079 
Ave. Dur. of OF (hrs.] 0.770 o. 730 1.430 1.070 0.870 0.800 
* OF = overflow 
Table II I-2 
Average Results of Control Level Strategies 
for a 4 = 1/ 3 
Control Level Strategy 
Parameter 1 2 3 4 5 6 
Ave. Vol. of OF/yr. [in.] 0.953 0.960 0.635 0.693 0.908 
Ave. Number of OF/yr. 7. 390 7.450 4. 200 5.610 7 .180 
Ave. Vol. of OF/OF [in.] 0.129 0.129 0.151 0.124 0.126 
Ave. Dur. of OF [hrs.] 2.000 2.060 2. 790 2.570 2.260 
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The initial conclusion which can be drawn from these results is that 
substantial improvement in system performance can be achieved by utili-
zing some type of control strategy over a no control policy. Reduction 
in average overflow volume per year of up to 38 percent and in overflow 
events per year of over 50 percent were achieved. Although only one 
subbasin of the entire system was considered it is believed that equal 
or better performance than stoi•T1 i E Table III-2 is possible for the 
entire system since advantage can be taken of the spatial variation in 
rainfall intensity as well as the variation in travel time from the 
subbasins to the treatment plant. This can be done by individual control 
of the outflow from each subbasin, i.e., adjusting the value of the 
equivalent of a4 for each subbasin. 
There is, however, one important qualification which must be placed 
on the above conclusion. The results for strategies 2, 3 and 4 were 
obtained using historical rather than predicted hourly rainfall values. 
The question of prediction capability and its effect on system perform-
ance should be regarded as a high priority research topic which must be 
undertaken before an intelligent decision regarding control system 
design can be made. It appears at this point that storm prediction is 
the weakest link in the system control process and therefore merits 
attention. 
A second conclusion from the results is that the most important 
single parameter in determining subbasin system performance is not the 
control level strategy but a4 , i.e., the maximum allowable outflow 
from the subbasin into the interceptor. Comparison of the figures in 
Tables III-1 and 2 shows that the variation of performance parameters 
within either table is insignificant compared to order of magnitude 
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change from a4 = 1.0 to 1/3. This observation leads to a recognition 
of the importance of the city-wide control strategy relative to the 
subbasin strategy. A total system strategy which maximizes the allowable 
flow to the treatment plant subject to treatment rate limitations can 
be much more effective than a sophisticated subbasin strategy alone. 
The above conclusions are of major importance from a practical 
viewpoint. Some comments concerning specific control level strategies 
follow. 
In Table III-1, strategy 2 gave the best results while strategy 3 
was best in Table III-2. Strategy 2 was developed specifically for the 
case of a4 = 1.0 Its use in the case of a4 = 1/3 gave results even 
poorer than the no control strategy. This is because all of the a 
values from strategy 2 are. above 1.0 since for a4 = 1.0 only the larger 
storms will cause overflows. The use of a> 1.0 for small storms will 
increase the overflow volume they may cause. Since restriction of 
a4 to 1/3 greatly increases the overflow producing potential of small 
storms, the use of strategy 2 in this case produced poor results. 
If a single strategy regardless of a4 is used, then strategy 4 
is best. It resulted from the use of optimization techniques for both 
a4 = 1.0 and 1/3. The results generated from the rule curve thereby 
produced were a function of the definition of effective storm duration 
and depth used in Equation 1 as described in Section D.3. Strategy 3 
produced somewhat better results for a4 = 1.0 . This is primarily 
because a minimum value of a = 0. 4 produced overflows from some 
smaller storms in the case of a4 = 1.0 which would be eliminated 
using a minimum a = 0. 5 In other words, strategy 4 achieves a 
better trade off between reduction of overflow from large storms and 
elimination of overflow from smaller storms than does strategy 3. 
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Strategies 5 and 6 were studied with the idea that no storm pre-
diction methods would be used. In this case a constant value of a 
would be used, based on the historical rainfall record. It is clear at 
the outset that such a strategy will produce the best results when the 
variability in depth and duration of overflow producing storms is 
minimum. Since this variability is much less for a 4 = 1.0 than 
a4 = 1/3 one might expect better results in the former case. Two 
methods of computing the value of a to be used were employed. For 
strategy 5, a weighted average was used, with the overflow volume from 
each overflow producing storm from strategy 3 or 4 serving as the 
weighting factor. In strategy 6 the unweighted mean a from strategy 4 
was used. Strategy 5 produced fairly good results for a 4 = 1.0 but 
very little improvement over strategy 1 for a 4 = 1/3. This is not 
surprising because of the difference in storm variability as a function 
of as discussed above. For the case of a = 1/3 4 the large 
number of small overflow producing storms resulted in a low a which 
in turn caused larger overflow volumes from the larger storms. It is 
likely that an optimum a could be found, but it would be a function 
of A value of a independent of a 4 would probably result in 
little if any improvement over strategy 1. 
The average duration of overflow for constant a4 was generally 
higher for strategies 2 through 6 than for strategy 1. This is due to 
the increased attenuation of the hydrograph caused by the additional 
control as it passes through the reservoirs. The overflow duration 
also increases as a4 decreases which is caused by the reduction of 
allowable inflow to the interceptor. 
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Although much information is conveyed by the average values in 
Table III-1 and III-2, a more complete picture of the variation in 
system performance parameters is provided by their probability distri-
butions. Another advantage of the simulation technique applied to long 
term data is that a good estimate of the probability distributions is 
obtained. The probability distribution is particularly useful in 
conveying the idea that since rainfall is a natural event, no practical 
design will eliminate overflows and that the effect of different design 
alternatives is to change the probabilities associated with the perform-
ance variables. The design decisions are then in terms of acceptable 
levels of probability that certain variables will be exceeded. 
Cumulative probability distributions for the first two variables 
in Tables III-1 and III-2 for strategies 1 and 4 are shown in Figure III-1 
and III-2. The average values in the tables are equal to the areas under 
the respective probability curves. It may be useful to fit theoretical 
distributions to these curves. This information would be useful in 
estimating probability distributions associated with other mean values 
of these parameters. 
The Poisson distribution, which requires only the mean value of 
the variable, was found to describe the number of overflows per year 
very well. The probability density function for this distribution is 
given by 
f (ri') = (4) 
'\, 
where n = the number of overflows per year and µ=the mean value of n. 
This is discrete distribution and the resulting cumulative distribution 
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The volume of overflow per year is a continuous variable and the 
Gamma distribution was found to fit the data rather well. The disadvan-
tage of using this distribution is that both the mean and standard 
deviation of the variable must be estimated. The probability density 
function is given by 
where 
f(x) 
2 x = the volume of overflow per year, k = [µ/cr] 
( 6) 
;>.. = k/µ cr = the 
standard deviation and r(k) is the Gamma function evaluated at k 
which is tabulated in common books of statistical tables. The cumulative 
distribution is computed as 
X 
P[X > x] = 1 - J f(x)dx 
0 
which can be evaluated using tables. 
( 7) 
These theoretical distributions were computed corresponding to the 
curves in Figures III-1 and III-2 and correlation coefficients were cal-
culated. The results are shown in Tables III-3 and III-4. 
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Table III-3 
Correlation of Overflow Volume per Year 
with Gamma Distribution 
a4 µ (J k >, r (k) correlation 
Strategy [in/yr] fin/yr] [in -l] coefficient 
1 1.0 0.058 0.102 0.323 5. 572 2.769 0.976 
4 1.0 0.036 0.074 0.240 6.675 3.786 o. 957 
1 1/3 0.953 0.558 2.912 3.056 1.847 0.996 
4 1/3 0.693 0.469 2.188 3.152 1.095 0.997 
Table III-4 
Correlation of Number of Overflows per Year 
with Poisson Distribution 
Correlation 
Strategy a4 µ Coefficient 
1 1.0 0 . 64 0.999 
4 1.0 0 .92 0.994 
1 1/3 7.39 0.996 
4 1/3 5.61 0.998 
The correlation coefficients are all above 0.95 indicating that the 
distributions fit the data well. 
C. Techniques for Developing Control Levels for the General Strategy 
Under Study 
Once the general control strategy is selected, which in this case 
is described in Section B.2, the problem then becomes one of deciding 
specific values for the strategy parameters. For the strategy under 
consideration the choice of control level, i.e., values of a, must be 
made. Two techniques were used. The first was an empirical approach 
which involved the evaluation of limiting depths which would just cause 
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overflows for storms of various durations. This is termed the zero 
overflow curve approach. The second technique involved the application 
of an optimization scheme and in retrospect was clearly the better 
approach. Both techniques were based on uniform intensity storms and 
then adapted for use with non-uniform historical storms. 
C.1 Zero Overflow Curve Technique 
Of fundamental importance in developing control strategy is a method 
of determining if a particular storm will cause an overflow and if so 
the volume of that overflow. The Vicente simulation model can provide 
that information. However, to avoid the necessity of using the model 
for each storm of interest and to gain insight into the nature of over-
flow producing storms the concept of a graphical representation on a 
depth-duration plot of the boundary between storms which would and would 
not produce overflows is useful. This boundary is called a zero overflow 
curve. If historical storms were used to determine this curve, it would 
not be unique because of the temporal non-uniformity of the storms. 
Therefore, in order to establish a unique zero overflow depth for each 
duration only uniform intensity storms were considered. 
The procedure followed was to select a set of storm depths at 
each of a number of durations and for each of these determine the over-
flow volume for a set of a values using the Vicente simulation model. 
In all cases the maximum allowable outflow from reservoir 12-2 was 
0.3 in./hr., i.e., a4 = 1.0 For each duration, each value of a, 
and each reservoir a plot of overflow volume vs. storm depth was made 
and a curve drawn from which the storm depth at which the overflow 
vanished could be obtained. These curves were linear so interpolation 
was easy. Then a plot of a vs. overflow volume at constant duration 
was made for all four reservoirs. The value of a corresponding to 
the minimum overflow from any reservoir was then chosen as a mo~t 
6avo1ta.ble va.lu.e, as shown in Figure III-3. The value of the overflow 
volume expressed in inches is the ordinate on the zero overflow curve 
for that duration. The resulting curves for alternates Band Dare 
shown in Figure III-4 and the zero overflow curve for alternate Bis 
shown in Figure III-5. 
The most favorable values of a as a function of storm duration 
then form a control level policy for uniform storms. The application 
is discussed in Section D. 
It should be emphasized that this approach represents an initial 
attack on the problem. The development of curves such as shown in 
Figure III-1 required considerable effort. Although the results 
are useful in providing insight into the problem, the desired 
control level policy could have been achieved much more easily using 
the optimization technique described in the following section. 
C.2 Optimization Technique 
The Vicente simulation model can be viewed as a basic tool in 
directly obtaining the optimum control level policy. A simple search 
* scheme was used to determine a for the three upstream reservoirs as 
a function of total depth for uniform intensity storms. The use of 
* the same value for a for each upstream reservoir is reasonable since 
the reservoir volumes are approximately proportional to the respective 
drainage areas and the inflow hydrographs into the reservoirs are all 
of similar shape. A flow chart describing this scheme is shown 
in Figure III-6. The overflow volume for a given storm was computed for 
increasing values of a until a minimum was reached. A typical curve 
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of overflow volume vs. a for uniform storms has a single, well-defined 
minimum, unless the overflow volume reaches zero, within the feasible 
range of a between zero and 3.0. Therefore the search scheme worked 
* well and curves of the optimum control level, a , as a function of 
storm depth for various durations could be obtained. The results for 
both a4 = 1.0 and 1/3 plotted as straight lines as shown in Figure III-7. 
These lines can be expressed by a single equation. 
a*= 3.41 D T-l.06 - 1.166 T-l. 4os (8) 
where D = total storm depth in inches and T = storm duration in hours. 
A plot of overflow volume vs, storm depth using the optimal control 
levels is shown in Figure III-8 for a = 1.0 and 1/3. 4 The intercepts 
of these curves on the depth axis are the ordinates for the optimum 
zero overflow curves for these values of This can be seen by 
comparing the values on the most favorable control level curve of 
Figure III-4. However, in this case these results are a by-product of 
the technique rather than the first objective as was the case in the 
previous section. 
A comparison of the two techniques shows that the optimization 
approach is far superior. It produced more general results, i.e., 
a control level policy for both a4 = 1.0 and 1/3, with less effort 
than the overflow curve approach. 
D. Techniques for Evaluation of Effect of Control Strategy on 
Vicente System Performance 
0.1 Rainfall Data 
Any technique for system performance evaluation requires rainfall 
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the gage on the Federal Office Building in San Francisco was available 
it was decided to use this data even though it was on an hourly basis 
only. As data from the new raingage system accumulates it will be of 
greater value since storms with durations less than one hour will be 
well defined. Comparison on the basis of individual storms could be 
misleading and therefore the average values and probability distri-
butions which result from the use of a long term record outweigh the 
advantage of analyzing a small number of well-defined storms. 
The rainfall record is essentially a continuous one. However, 
a continuous simulation over this period of time would be prohibitive 
because of computer time costs. Therefore it was decided to run the 
simulation only during storm periods. Since the model used constant 
runoff coefficients the only potential problem this created was the case 
of storms so close in time that the reservoirs would not have an oppor-
tunity to drain before the next storm began. A rough hydraulic analysis 
indicated that 3 hours would be sufficient drainage time. Therefore a 
storm was considered as terminated if three successive hours of zero 
rainfall occurred following any non-zero hour. 
In order to investigate the statistical effects of various assump-
tions concerning precipitation data several criteria were investigated. 
The results are summarized in the MWIS Phase III report, Table IV-4. 
The principal conclusion is that the assumption that all hourly pre-
cipitation values less than or equal to 0.05 inches can be safely 
ignored without significantly affecting the results of the simulation. 
This means that the number of storms in the 66 year record was reduced 
by 44 percent and that none of the storms thereby eliminated would 
generate overflows. The only statistical parameter that this would 
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affect is the probability of overflow from any storm which would be 
increased by the above percentage. Therefore, all semi-continuous 
simulation work was done using the above storm definition criterion. 
D.2 Zero Overflow Curves 
In order to evaluate overflows for the historical rainfall record 
using this approach it was necessary to develop an overflow criteria 
for non-uniform intensity storms and then to estimate the overflow 
volumes. Since the overflow curves were developed for uniform intensity 
storms any such criteria will result in some error. The criteria 
adopted was that if the mass curve for the storm rose above 
the zero overflow curve at any time or if the rainfall during any hour 
was greater than the overflow ordinate at the first hour then an over-
flow was assumed to occur. In that case the volume of overflow was 
computed using the maximum difference between the mass curve and the 
zero overflow curve at any time. This difference was assumed to be 
proportional to the overflow volume using curves generated from the 
analysis of uniform intensity storms. The curves are shown in 
Figure IV-9 and IV-10 of the MWIS Phase III report. 
This technique has several disadvantages in comparison to the 
semi-continuous simulation technique. First, a zero overflow curve must 
be developed for each design alternative, control strategy and allowable 
interceptor flow. This makes the method prohibitive for evaluation of 
a large number of such cases because considerable effort is required to 
develop the overflow curves. Furthermore some error is introduced 
because of the adaptation of the overflow curves to non-uniform inten-
sity storms. This error was not evaluated numerically but it could be 
significant, particularly in regard to overflow volume evaluation. 
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The use of zero overflow curves was an initial approach to the 
evaluation problem. It provided some insight but was definitely 
inferior to the semi-continuous simulation approach. 
D.3 Semi-Continuous Simulation 
This technique proved to be very useful in performance evaluation. 
It is termed semi-continuous because of the time gap between storms as 
discussed in Section D.l. It consists of three basic steps: 
(a) Definition of storms from historical data and deter-
mination of specific control level for each. 
(b) Evaluation of overflow volume using Vicente simulation 
model. 
(c) After all storms have been processed a statistical 
analysis of the results is performed including 
determination of probability distributions for number 
and volume of overflow per year. 
The program for step (a) is given in Appendix Dusing the control 
level strategy described by Equation (8). However, this equation was 
developed for uniform intensity storms and required some modification 
for use with the non-uniform historical storms. This was done by 
defining an e66ecilve duration and depth. These definitions were 
developed by selecting a series of historical storms and determining a 
for each using an optimization procedure similar to that of Figure III-2. 
However, since for some of the storms the curve of overflow volume (ob-
jective function) vs. a had more than one local minimum in the feasible 
range of a, this simple search procedure did not always yield the 
optimal value for a, and the entire objective function over the feasible 
range of a had to be examined. A set of the 16 largest overflow 
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producing storms plus a set of 19 smaller overflow producing storms were 
selected as a basis for establishing a definition of effective duration 
and depth. It was found that the most intense period of continuous 
rainfall during a storm was the important portion of the storm in 
* correlating the actual a to the value obtained from Equation (8). 
Therefore the following definitions were adopted: 
1. The effective duration is the number of consecutive 
hours in any storm where pmax/pi .::._ r, where Pmax is 
the maximum and p. is any hourly rainfall during a 
l 
storm and r is a constant. Values of r of 1.6 and 
2.0 were used. 
2. The effective depth is the total rainfall which occurred 
during the effective duration. 
These definitions, when applied to Equation (8), produced excellent 
* * estimates of a except for small storms which resulted in a < 0.5 
The objective function for these small storms usually was minimum at 
* a~ 0.5 and therefore a minimum value of a = 0.5 was used in cases 
where Equation (8) resulted in a lower estimate. 
It must be pointed out that this adaptation of the rule curve 
to non-uniform storms means that the resulting control level is sub-
optimal in the strictest sense. However, for practical purposes the 
results are very close to optimal, particularly for the large storms. 
* Modification of the minimum value for a would result in the elimina-
tion of overflow from some of the smaller storms which, when using 
* a = 0.5, produce very small overflows. This adjustment was not done, 
however, because the results of the same rule curve strategy for 
a4 = 1.0 and 1/3 was desired so that the variation with a4 could be seen. 
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The results for the mo~t oavo~able eon.:tltol level ~~egy curve of 
Figure III-4 were obtained by fitting an equation to the curve of the 
form 
Ct. = 1.0 + 0.147e-· 1226D 
where D = the total storm duration in hours regardless of how non-
uniform the rainfall intensity was. Equation (9) was then used in 
step (a) to determine the specific control level for that storm. 
The statistical analysis consisted of determining the number and 
volume of overflows for each year from 1907 to 1972 inclusive, com-
puting average values over this period for a number of variables, and 
determining cumulative probability distributions as described in step 
( 9) 
(c) above. It should be pointed out that the number of overflow events 
per storm is limited to one even though it is possible for overflow to 
start and stop again during a storm. A FORTRAN listing of the statis-
tical analysis program which includes the Vicente model as a subroutine 
is given in Appendix B. This listing includes the logic needed to imple-
ment Equation (5) as the control level strategy. 
It is concluded from the experience gained in using this technique 
that it is greatly superior to that described in the previous section. 
The question of whether a particular storm produces overflow and the 
value of that overflow is determined directly by the Vicente model. 
Furthermore the rule curve is applicable to both a.4 = 1.0 and 1/3 
and presumably to values within this range as well, thereby making it 
of more general value. Finally, it is relatively easy to investigate 
different strategies simply by changing the logic in step (a), the other 
steps remaining unchanged. 
CHAPTER IV 
LARGE-SCALE SYSTEM CONTROL 
The development of a control strategy for the entire reservoir 
system is the long term goal of this line of study. It would be opti-
mistic indeed to expect this goal to be achieved by this initial project. 
However, considerable effort has been devoted to the large-scale problem 
and this is discussed qualitatively in Chapter III of the MWIS Phase III 
report. 
Because of the size and complexity of the total reservoir system, 
some type of formal approach to the control problem is necessary. 
Because the control strategy should, in some sense, make the best use 
of the storage capability, it is logical to consider optimization tech-
niques as useful tools. However, the direct application of such 
techniques to a system of the size of the San Francisco Master Plan 
would be infeasible because of the computer requirements. Therefore, 
special methods developed specifically for large-scale system optimiza-
tion must be employed. There are many such methods. All of them break 
the total system down in ·some way and consider the total problem as 
a group or series of smaller system problems which are connected or 
related. The smaller problems are then solved while maintaining their 
relationship to the total problem.,_ Two such techniques are discussed 
below. 
A. Decomposition 
Decomposition is a methodology whereby a large system is decomposed 
into several subsystems which are mil.di.y fn;teJr.,,u_nked. The subsystems are 
treated independently then recombined by a master program in such a way 
as to achieve an overall optimum strategy. 
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In the case of a combined sewer system the subsystems are called 
~ubbMin.6. A subbasin is defined here as an area which is tributary to 
a particular trunk sewer which flows into the interceptor sewer. An 
interceptor sewer delivers sewage directly to the treatment plant (i.e., 
sewage in the interceptor sewer cannot be diverted into a detention 
reservoir). The only interlinking ·between subbasins, therefore, is the 
treatment plant and the interceptor sewers. This minimal degree of 
interlinking between subsystems makes decomposition a feasible method 
for analysis of a combined sewer system. 
Decomposition applied to a sewer system of this type would involve 
separate determinations of optimal control for each subbasin. The 
master problem would then check to see if the interlinking constraints 
(interceptor and treatment plant capacities) and optimality conditions 
are satisfied. If they are not, another iteration or cycle would take 
place in which the master problem would adjust influences on the subbasin 
problems and the subbasin problems would be solved again. Iterations 
would continue until an optimal solution for the entire system was 
determined. Figure IV-1 illustrates this two-level approach for a 
system which has been decomposed into four subbasins. A more detailed 
account of decomposition is contained in reference [7]. 
B. Aggregation 
Another multi-level approach which is applicable to the combined 
sewer control problem is aggregation (10]. Here, the highest level 
problem, where the individual reservoirs in each subbasin are aggregated 
together so as to represent one large reservoir, determines the overall 
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subbasin, the throughflows into the interceptor, and the total detention 
storage utilized in each subbasin are determined. 
With this overall policy specified, the lower-level prpblems can 
deal with each subbasin independently. The lower level problems further 
disaggregate the subbasins and find more specific control policies 
within the constraints of the overall interceptor inputs, overflows and 
storage utilization determined in the higher level optimizations. This 
series of successive level problems continues until the control policy 
for each detention reservoir is determined. 
Figure IV-2 illustrates this procedure for a system of four sub-
basins. Subbasins 2 and 4 contained few reservoirs and two levels were 
sufficient to determine the control for each of the reservoirs in these 
subbasins. Subbasins 1 and 3 contained a larger number of reservoirs, 
and three levels were required to totally disaggregate these subbasins. 
C. The Large-Scale Linear Programming Problem for the San Francisco 
System 
The aggregation technique was chosen for application to the San 
Francisco system which is modeled schematically in Figure IV-3. In order 
to develop a system model certain basic data are necessary. A summary 
of these data for all of the subcatchments is given in Appendix C. The 
proposed system contains 58 detention reservoirs based on Alternative C 
storages and 56 reservoirs based on Alternative B. 
Flow carried by existing lines past proposed lines into the inter-
ceptors is modeled as overflow even though this flow usually has a chance 
to be intercepted by shoreline detention reservoir. This simplification 
is believed to be justified since the shoreline reservoirs and pumps and 
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for the downstream tributary area. 
It is now necessary to choose the number of time increments to 
be considered and the total time period of analyses. From Appendix C 
it is seen that travel times throughout the system range from about 10 
minutes to 150 minutes.. All inflow hydrographs are lagged by their 
travel time. Therefore, after the input hydrographs have been lagged 
the decisions regarding the most upstream reservoir do not begin until 
time t=l50. Of course, one would wish to consider a period of predicted 
input from this subcatchment. This means that the total time period 
of analysis must begin by time t=lO and end after time t=l50. This is 
in terms of the time as viewed from the treatment plant (i.e., actual 
time plus travel time). The time interval chosen was from t=lO minutes 
to t=l90. This time period is discretized into 9, 20 minute periods for 
formulation as a linear programming problem. 
These values and the system model define the entire large-scale 
linear programming problem. Those constraints which are redundant are 
ignored. For instance, constraints on flowrates in the interceptors are 
not considered since either the constraints on subbasin flowrates into 
the interceptor or the treatment plant capacity constraint is more 
restrictive. The resulting large-scale linear programming problem is 
one of approximately 2000 variables and 1000 constraints. 
D. Multi-Level Aggregation of the San Francisco System Model 
The large-scale problem is seen to be of enormous size. There-
fore, it will be necessary to go through many successive levels of 
disaggregation in order to determine the control at each reservoir. The 
highest level problem divides the city into three sections corresponding 
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to detention reservoirs 1-31, 32-49, and 50-58. The next lower level 
consists of three problems which further disaggregate these sections. 
In all, six levels and 39 linear programming problems are required. 
Figure IV-4 describes the various levels and l.p. 's involved in 
this application of the aggregation technique to the San Francisco 
system. Each problem was formulated from the original large-scale problem. 
FORTRAN IV programming language was used to develop the computer 
model for execution on the Colorado State University CDC 6400 computer 
system. The model consists of seven programs, AGREGAT, LEVEL 1, LEVEL 2, 
LEVEL 3, LEVEL 4, LEVEL 5, and LEVEL 6. AGREGAT reads in data which 
describe the system model and the initial state of the system (i.e., 
flow and storage constraints, travel times, initial storages, predicted 
hyetographs at the raingages, etc.). It then generates the lagged, 
discretized subcatchment hydrographs. All of the necessary information 
is then transmitted to temporary disc storage for use in the six re-
maining programs. 
Program LEVEL 1 is executed next. It reads the information ob-
tained from AGREGAT. In addition, it reads information which is 
particular to the highest (first) level optimization problem (i.e., 
number of variables, number of constraints, penalty coefficients for 
aggregated reservoirs, etc.). The objective function, A-matrix and 
B-vector of the first level optimization are then defined via FORTRAN 
programming, and a linear programming subroutine is called to solve the 
problem. The results of the problem are printed and the information 
required for the next lower (second) level problems is transmitted to 
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FIGURE IV-4 
APPLICATION OF MULTI-LEVEL AGGREGATION TO THE 
PROPOSED SAN FRANCISCO COMBINED SEWER SYSTEM 
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This procedure continues until the control policy for each deten-
tion reservoir has been calculated and printed. Each program reads 
information from AGREGAT and the next higher level optimization and 
transmits that information which is required by the next lower level 
problems. A series of successive computer programs, rather than a main 
program with many subroutines is used since this requires far less 
computer storage for the compiled program. 
Subroutine SIMPLEX is used to solve the linear programming problems. 
It was developed by the RAND Corporation and utilizes the explicit 
inverse form of the simplex method. 
D.l Use of Aggregation Technique 
The examples which follow are presented to demonstrate the use of 
this technique. In real-time operation the predicted subcatchment hye-
tographs and system conditions would be supplied by other components of 
the water intelligence system. These conditions were, of course, merely 
read in for these runs. 
Two examples are presented. The same storm is used in both examples, 
but one is based on Alternative C storage capacities while the other is 
based on Alternative B. 
The storm is a hypothetical one which is assumed to be uniformly 
distributed over the City. Its hyetograph is shown below: 
Time (minutes) 0-5 5-10 10-15 15-20 20-25 25-30 
Rainfall (inches) .04 .08 .22 .12 .06 .04 
It is not necessary to assume that a storm is uniformly distributed. 
The computer model starts with a separate predicted hyetograph at each 
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of the City's 30 raingages. A separate hyetograph for each subcatch-
ment is then determined as a weighted average of the hyetographs of 
the six closest raingages. 
The complete output from each example run consists of the inflow 
hydrographs for each subcatchment and the results of each linear pro-
gramming problem. This, of course, includes the control and storage 
policy for each reservoir from its beginning time interval through the 
final time interval. This output is quite lengthy and difficult to 
interpret. Therefore, efforts have been made to present these results 
in a condensed, interpreted form. 
In these examples, the penalty coefficients on overflows, Pi(k) , 
and credit coefficients on throughflows entering the interceptor, 
i C (k) , decrease as k increases so that no overflow will occur until 
the corresponding reservoir is full. These coefficients were not varied 
with respect to the location of the outfall for simplicity in analyzing 
results. 
Example 1: Alternative C Stora~ 
The storm used represents an intense rainfall (roughly a 5-year 
recurrence interval). Examination of the subcatchment inflow hydro-
graphs indicates that significant local flooding and overflows would 
occur if system storage were not utilized. However, control of Alter-
native C storage was sufficient to completely eliminate overflows and 
street flooding. 
The effects of real time control are shown below in units of 
inches of water over the entire drainage area: 





Delivered to Treatment= .169 in. 
Diverted to Storage= .209 in. 
The control strategy determined was one which allowed zero over-
flows and maximized the delivery of sewage to the treatment plant. This 
can be seen from the results of the first level optimization shown in 
Table IV-1. The values listed under the columns labeled "B" are 
deliveries to the treatment plant which were already in the interceptor 
at the beginning of the storm. The columns labeled "A" represent 
results of the first level optimization. The values listed in columns 
labeled "B" represent flows that were already in the system at the 
beginning of the storm. These were assumed to be dry weather flows 
since they were released before the beginning of the storm. 
Only the level 1 results are shown in Table IV-1. At this level 
the system is aggregated into three sections. Section 1 is the west 
side of the San Francisco and contains reservoirs 1-31. Section 2 is 
the northeast side and contains the subcatchments tributary to reser-
voirs 32-49. Section 3 contains reservoirs 50-58 and is located in the 
southeast section of the City. These sections correspond to the areas 
which are tributary to the existing Richmond-Sunset, North Point and 
Southeast treatment plants. 
The results are presented at the level 1 degree of aggregation 
since showing the complete control policy would require 58 columns 
similar to the three columns of Table IV-1. 
In periods 3 through 9 the total delivery to the treatment plant 
was 1550 cfs which is the plant's capacity. In the first two periods 
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TABLE IV-1 
Example 1 - Level 1 Mass Balance 
Section 1 Section 2 Section 3 Total De-
Reservoirs 1- 31 Reservoirs 32-49 Reservoirs 50-58 livery to 
k A B A B A B Treatment 
s 0.000 
1 F - 782. Q 462. 36. 53. 67. 618. 
0 o. 
s 0.387 . 




3 F 3712. Q 1430. - 53. 67. 1550. 
0 o. 
s 6.885 0.000 
4 F 1102. 680. Q 773. - 53. 680. 44. 1550. 
0 o. o. 
s 7.279 0.000 0.000 
5 F 198. 45. 3649. Q 1113. - 45. so. 342. - 1550. 
0 o. 0. 0. 
. .. 
s 6 .181 0.000 3.969 
6 F 103. 875. 3290. Q 0. - 265. 40. 1245. - 1550. 
0 o. o. o. 
• · 
s 6.304 0.732 6.423 
7 F 92. 2913. 865. Q 0. - 1488. 9. 480. - 1550. 
0 o. 0. o. ---
s 6.415 2.959 6.886 
8 F 91. 2613. 273. Q 0. - 1488. - 62. - 1550. 
0 0. o. o. 
s 6.524 4. 309 7 .140 
9 F 91. 1727. 132. Q o. - 1488. - 62. - 1550. 
0 0. o. o. 
s = 6.634 4.597 7.224 .~·- ~- • .aP •• - - --L----- --• --·--------l---·--!--·- ·-- - ·-
Notes: 6 3 Sc Diversions Lo storage (10 ft) 
I' =- Ru:'.off (cfa) 
Q c neJ.iveric5 to trc-at,~cnt (c-.f s) 
O c Overflow (cfs] 
A~ V3luc~ occurring after the beginning of the storm 
h - Tl:1·,1u~1.hflo1>·~ ,c lc,1 :,'..'d 1'cfo:rr· the· •bq;inning of tl.c· storm but :irriYinr nt the 
t re :1\r:,' ilt pJ;,nt ,if1(·r the· l>,·,:innin i~ of the stor:;, 
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the maximum delivery to the treatment plant was limited by a combination 
of total system inputs and individual line capacities. For instance, 
in period 1 the controlled releases into the interceptor (i.e., releases 
from reservoirs 20, 25, 26, and 31) totalled 462 cfs. Table IV-2 
demonstrates that this is the maximum delivery possible from these 
reservoirs during time period 1. 
As the various level problems are executed the releases shown in 
Table IV-1 are distributed in greater detail with the total release 
remaining the same. For example, the interceptor input from section 2 
during time period 9 is shown in Table IV-1 to be 1488 cfs. The total 
1488 cfs is distributed among four aggregated interceptor input points 
in the Level 2 problem pertaining to section 2. These are in turn 
distributed to the eight actual section 2 input points in four Level 3 
problems. Level 3 is the final level required for these reservoirs. 
(See Figure IV-4). Other interceptor inputs would require six levels 
of disaggregation before they were distributed to the actual input points. 
Similarly, the storage utilization from level 1 is allocated to 
specific reservoirs as the multi-level problems are executed. Table IV-3 
shows the final storage in each reservoir and the totals are compared to 
the final storages in the three sections of level 1. Slight roundoff 
errors occur because of the passage of nounded-066 information from one 
computer program to the next. 
In this example, it is obvious that the control strategy determined 
would be optimal for the original large-scale problem since no street 









Flow Sub catchment 
i QMAX Available Release 
19 1 (1) 
20 85 . 28 29 29 
22 82 41 41 
23 165 1 1 
24 170 17 17 
25 253 307 366 253 
26 73 147 147 73 
29 380 83 83 
30 432 79 79 
31 107 79 241 107 
Total = 462 
Notes: I.Dry weather release from previous time period 
2. All flowrates are in cfs 
Notes: Q = Subcatchment number 
-- = Subcatchment input (cfs) 




Final Reservoir Storage versus Aggregated Reservoir Storages of Level 1 
Example 1 
Section 1 Section 2 Section 3 
(Res 's 1- 31) (Res I s 32-49) (Res' s 50-58) 
i 51 (IQ) i s1 oo) i s1 (10) 
c10 6ft.)) c106ft3) oo6ft3) 
1 .650 32 .376 so .286 
2 1.057 33 .142 51 .144 
3 .240 34 .147 52 2. 211 
4 .026 35 · .189 53 .329 
5 .079 36 . 609 54 2.604 
6 .097 37 .132 55 .044 
7 .161 38 .121 56 1.084 
8 .063 39 .003 57 .10,9 
9 .086 40 .173 58 .411 
10 .206 41 .480 
11 .557 42 .006 
12 .203 43 . 391 
13 .008 44 .082 
14 .007 45 .034 
15 .071 46 .361 
16 .007 47 .110 
17 .050 48 . 222 
18 .180 49 1.019 
19 .172 
20 .135 
21 .836 . 
22 .187 
. , 









Totals 6.633 4.597 7.222 
Level 1 6.634 4.597 7.224 
Total 13.390 10.970 11. 160 
Available 
i = Reservoir Number 
Si(lO) = Final Storage in Reservoir i 
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Example 2: Alternative B Storage 
In order to illustrate the aggregation technique in a situation 
requiring overflows, Example 2 is based on Alternative B storage. 
Reservoirs 2 and 38 do not exist in Alternative B. As these reser-
voirs are assumed to exist in the formulation of the various l.p. 's, 
it was necessary to specify their storage capacities to be zero. It 
is obvious that overflows will be required in this example since the 
total storage utilized in Example 1 (18.46 x 106 ft 3) is greater than 
the total system storage capacity of Alternative B (16.85 x 106 ft 3). 
Table IV-4 presents the results of the first level optimization. 
Total throughflows are again maximized and are therefore identical to 
those of Example 1. Note that at this point it appears that the total 
system's storage capacity can be utilized since the final storage in 
each section is equal to that section's total storage capacity. 
In this example, each level results in a slightly less desirable 
solution than that implied by the previous higher level. The exchange 
is storage utilization for overflow. This is illustrated in Table IV-5 
in units of inches of water. 
TABLE IV-5 
Example 4 - Total System Mass Balance 
Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 
Total Runoff(in) .378 .378 .378 .378 .378 .378 
Delivered to .169 .169 .169 .169 .169 .169 
Treatment(in) 
Total Overflow(in) .018 .025 .030 .034 .034 .035 
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Example 2 - Level 1 Mass Balance 
Section 1 Section 2 Section 3 
Reservoirs 1-31 Reservoirs 32-49 Reservoirs 50-58 
A B A B A B 
.ooo 
782. 












1102. - 53 352. 44 
o. 53 o. 
6.200 .000 . 394 
198. 45. 3649. 
264. - 45. 50 1190. -
o. o. o. 
6.120 - .000 3.345 
103. 875. 3290. 
0. - 92. 40 1418. -
36. o. 201. 
6.200 940. 5.350 
92. 2917. 865. 
92. - 583. 9 865. -
o. o. o. 
6.200 3.741 5.350 
91. 2613. 273. 
91. - 1186. 273. -
o. 128. o. 
6.200 5.300 5.350 
91. 1727. 132. 
91. - 1327. - 132. -
o. 401. . o. 
6.200 5. 300 5.350 
Notes: 
S = Diversions to storage (106 ft 3) 
F = Runoff (cfs) 
Q = Deliveries to treatment (cfs) 
0 = Overflow (cfs) 
A= Values occurring after the beginning of the storm 
B = Throughflows released before the beginning of the storm but arriving at the 





















The optimal solution to the actual large-scale problem is known to 
be bounded by the results of the aggregation technique and the results 
implied by the first level optimization. In other words, the actual 
minimum amount of overflow required would not be less than 0.18 inches 
nor more than 0.35 inches. 
E. General Comments on the Aggregation Technique 
The foregoing results were obtained on a CDC 6400 computer. Approxi-
mately 64000 octal words of memory were required and execution time was 
about 90 seconds. It is believed that this indicates that the aggre-
gation technique is a feasible method for real time operation. The use 
of minicomputers would require furthur modification to reduce the dimen-
sionality of the various linear programming problems. It appears that 
this could be achieved by using an uppeJt bounding code rather than the 
expuW InveJUie code to solve the linear programming problems. It is 
also believed that this change would result in a savings in execution 
time requirements. The method can also be used in a feedback mode so 
that control could be determined several times during a storm based on 
the most recent system data and storm predictions. 
The foregoing examples and other examples not included herein 
indicate that many solutions obtained by the aggregation technique 
represent optimal solutions to the original large-scale problem. In 
others it is only possible to establish upper limits on the degree of 
suboptimality. However, comparison of various examples indicates that 
the solutions determined were not highly suboptimal. 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
A. Principal Conclusions 
This report describes what might be regarded as an initial approach 
at control strategy development. Emphasis was placed at the subbasin 
level and the storm prediction problem was not considered. Only one 
general subbasin strategy was investigated but several techniques were 
employed to develop specific control level rule curves for that strategy. 
The system performance parameters used were number and volume of over-
flow. A semi-continuous simulation approach was employed using the 
66 year San Francisco rainfall record as input. 
The results showed that a 25 percent or better reduction in average 
number and volume of overflows per year can be achieved by a control vs. 
a no control strategy at the subbasin level .. Furthermore, the maximum 
allowable outflow from the subbasin into the interceptor proved to be 
an important parameter in determining system performance. As this outflow 
is increased the performance parameters are substantially reduced. This 
leads to the conclusion that a good city-wide control strategy is one 
which makes full use of the storage capacity while at the same time 
maximizes inflow to the interceptors. These conclusions are subject to the 
uncertainty imposed by storm prediction capability. This is discussed 
in the following section. 
Water quality parameters were not used in the simulation model. 
This was not regarded as a serious deficiency for the purposes of this 
report. However, since the objective of the system is to minimize the 
pollution of the receiving waters caused by overflows, the final form of 
the simulation model must include water quality parameters. Which para-
meters to include and the level of sophistication of the model will 
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depend to some extent on details of water quality regulations which must 
be met. Since the regulations change with time this may be a difficult 
decision. However, the state-of-the-art of water quality modeling is 
rapidly advancing and it is unlikely that quality model generation will 
be much of a technical problem. 
What could be a problem, however, is model calibration. The lack 
of good quality urban calibration data, both for water quantity and 
quality , is perhaps the greatest problem today in the modeling area. 
The flow gages which are presently installed in the San Francisco sewer 
system can provide useful data. However, it is likely that problems 
such as those discussed in Chapter II in connection with Flow Gage 125 
exist with ,other gages as well and perhaps hydraulic analysis of each 
gage site would be worthwhile. Of even greater importance is the need 
for water quality data. The current lack of in-system quality data is 
so great that even the most inexpensive data gathering program would be 
of great benefit as long as the quality of the data is such that it 
could be confidently used. 
Optimization techniques have been shown to be a valuable tool for 
control strategy development at the subbasin level and are essential at 
the total system level. The specific techniques employed in this study 
are not the only ones which could be used. There are a wide variety of 
large-scale optimization techniques. The aggregation technique described 
in Chapter IV is not necessarily the best but is a viable approach at 
this stage of urban systems control research. 
The simulation approach to system evaluation has been shown to be 
a most valuable tool. A system of the size and cost of San Francisco's 
certainly justifies this evaluation technique rather than considering 
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the results of a few specific design storms. The stochastic nature of 
the input to the system requires that the output be considered as a 
stochastic variable as well. Average values and probability distri-
butions of performance parameters based on long term simulation provide 
a true picture of how the system functions. It is important that the 
decision makers be aware of the uncertainty associated with any design 
and the expression of results in terms of uncertainty would and in this 
awareness. An additional uncertainty variable which was not used in 
the analysis is the ¼k. Risk can be defined as the probability of 
exceeding a specific performance parameter value at least once during 
a given period of time, usually the project life. It is based on the 
probability of exceeding the particular value in any year (the inverse 
of the recurrence interval) and given by 
N R = 1 - (1 - P) 
where P = probability of exceeding the value in any year and N = the 
project life in years. Risk is particularly useful in pointing out the 
high probability of even storms with relatively large recurrence inter-
vals causing overflows sometime during the life of the project. For 
example, for a 100 year project life the risk associated with an 11 year 
recurrence interval event is 1.000, for a 22 year event is 0.990 and for 
a 100 year event is 0.634. For a 50 year proJect life these events 
would have associated risks of 0.992, 0.900 and 0.395 respectively. 
These high risks give a much better picture of the chances of an overflow 
event occurring during a given period of time than does the more abstract 
concept of recurrence interval. 
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B. Future Studies 
Much work needs to be done in the area of control strategy develop-
ment. Two problems should be given high priority. Although this study 
has demonstrated that significant technical improvement in system per-
formance can be achieved by system control, the cost effectiveness has 
not been evaluated. Because the level of sophistication of the control 
system can be quite variable, it is important that economics be brought 
into the analysis in order to reduce the feasible range of control system 
designs. This is not an easy task since water quality standards change 
with time. Furthermore, dollar costs must be assigned to various pollu-
tion levels or a decision concerning maximum allowable pollution levels 
with associated probabilities must be made. This is not a technical 
but a political problem, but it has strong design implications. 
On a more technical level, the effect of storm prediction uncer-
tainty must be incorporated into the strategy development process. This 
may have the effect of eliminating some of the more complex strategies 
from consideration since their potential advantage may be overshadowed 
by the uncertainty of the input data. There are two basic approaches 
to evaluating storm prediction uncertainty depending on the equipment 
available. The use of a telemetered rain gage system will provide only 
data on what has occurred. Any future projection must be done on the 
basis of data for the current storm and past history. The addition of 
weather radar may considerably reduce the short-term prediction uncer-
tianty. However, the question of cost-effectiveness must again be 
considered. 
There are other possible future studies which are discussed in the 
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Hydrograph Parameter Identification Model 
PROGRAM ROUTE (lNPUT,OUTPUT,TAPE~=OUTPUTl 
DI•Af:NSION STI,.,.E(SO) ,TOCALC(SO) ,I_A',Ri\IN(S0,60l ,FRACTN(50l ,OAD(50) 
l:'IMfNqON PRECIP(50) ,()08SV0('>0l ,QCALC(S0) ,C(8l ,PPF.CIP(SOJ 
AEAL LAGl:/t\IN 
A= DPAINAGF ARFi\ IN SO, MI, , U = IMP~RVIOUS AREA/TOTAL AREA 
XP~FC = PRECIPITATION EXCESS IN INCHES, TRAIN= DURATION OF PRFCIPJTATION 
EXCESS IN HOURS, DELT = TI~E INCRE,.,.ENT IN HOURS 
NPRFC = NUMHEP OF PRECIPITATION INTERVALS, NRUNOFF = NUMBER OF RUNOFF 
POINTS INCLUDING FIRST AND LAST O~SERVATIONS ~HICH ARE USUALLY =O 
ro 111 rz = 1 ,20 
r,f:AO 100.Cf.lld=l,8> 
F (l< •1 AT ( A Al (I ) 
·PRTNT 190,(CC!),I=l,8) 




PEAD 108,IFIT ,IPLOT,IROUTE 
F01mATl3IlOl 
PRltJT 1(17,A,U 
FOR"AT(" THIS DRAINAGE BASIN HAS AN AREA OF",Fl0,4,11 SQ,MI,11/11 AND 
l AN Uf-<c3AIHZATION FACTOR OF",Fl0,4) 
OELT=DELTM!N/60, 
TP~IN=RAINMIN/60, 
PRECIP(Il = EXCESS PRECIPITATION IN INCHES FOR EACH PRECIPITATION 
Tl"F TNTF.RVAL, 
RFAD 102, (PRECIP<Il ,I=l,NPRECIPl 
PIHNT 102,(PRECIP(Il,I=l,NPRECIP> 
FORMAT(5Fl0,2) 
onqsvr.(!) = THE OBSERVED FLOW IN CFS FOR EACH RUNOFF TIME INTERVAL 
NROPl = NRUNOFF 
REAn 102, (Q085VO(l• I=l,NROPl 
00 444 I=l,NROPl 
OORSVDIIl=,5222*QOASVDIIl**,9506 
PRINT 102, (QOASVO(Il, I=l,NROPl 
OTOT = O. 
PMASS ~ O. 
00 47 I= l , NPRECIP 
47 PMASS = PMASS + PPECIPII) 
00 4A I  = l • NROPl 
48 QTOT = QTOT + QORSVDIIl 
TPqEVOL = (5280,•<>2) " A " IPMASS/12,) 
TPUNOF = 60, * DELTMIN " QTOT 
RU\JOFCF = TRlJNOF /TPREVOL 
XPKECTP = PMASS * RUNOFCF 
PRINT 126 ,RAINMIN, PMASS, TPREVOL, TRUNOF,RUNOFCF,XPRECIP 
126 FOPMAT(110THIS STORM LASTED 11,F6.l," MINUTES"/" A TOTAL OF 11,F5,2,11 
1 TNCHFS OF RAIN FELL,IEQUIVALENT TO A TOTAL VOLUME OF 11,FlO.l,11 CU 
2FIC FF.ETl11/11 THE TOTAL. RUNQF"F WAS 11,FlO,l,11 CUBIC FF"ET"I" THIS RES 
3ULTS I~ A RUNOFF COEFFICIENT Of'1,F6,3,11WITH AN EXCESS PRECIPITATIO 
4N OF"eFS,2," INCHES"> 
DO 49 I= 1, NPRECIP 
49 PRECIP<Il = RUNOFCF * PRECIP(l 
C 
c••••• 
C THIS ~LOCK FINDS THE  095~AVED FLOW ANO ITS TtM~ TO PEAK 
Q()PSMAX=O, 
TTP09S=O, 
f)O 701 (=2,NROPl 

































PMO~E~T = FIRST ~OMENT OF THE EXCESS PRECIPITATION 
. P•IASS = AREA UNOER THE PRECIPIHTION CURVE 
P40'1ICI\IT = FtPST MOMENT OF THF 09Sf:RVEO Rl"-'OFF HYOROGIHPH 
PMASS = AREA UNDER THE OBSERVED HYOROGRAPH 
PMn'-IFNT=O. 
PHA'SS=O. 
RMO~•E~<T = 0 • 
P4ASS = O. 
NPOMl=NRUNOFF-1 
CALCULATE THE CENTROID OF THE EXCESS PRECIPITATION. 




CALCULATE THE CENTROID OF THE OBSERVED HYOROGRAPH 






TROUTE=l=S!NGLE LINEAR RESERVOIR 
TROUTE=2=APPROXTMATE A TRIANGULAR TIME AREA HISTOGRAM FOR CLARK ROUTING 
IP1Jl/Tf=3=PEAD IN TAl-i FOR CLARK ROUTING 
tFCTROUTE-2)301,302,303 





GO TO 306 
302 IT4=IFIXCT4/DELTl 
SUM:0 • 
DO 307 J=l, IT4 
XJ=J 
IF( CXJ-.5l*DELT.GT.T412.lGO TO 308 
OROCJl=4.*(XJ-.5l*DELT/CT4*T4l 
GO TO 307 
308 ORO(Jl=4./T4-(XJ-.5l*DELT*4.l(T4*T4) 
307 SUM=SUM+ORDCJl 
DO :109 J=l,IT4 
309 FRACTNCJl=ORD(Jl/SU~ 
306 PPINT 311,(FRACTN(Jl,J=l,IT4l 
311 FORMAT<" THE OIMfNSIONLESS TIME AqEA HISTOGRAM FOR THE CLARK ROUTI 
11\JG l)R()CEOURE Vi AS FOLLOWS11/l0F8.4l 
JMQX=NDPECIP•TT4-l 
no 310 J=l,JMAX 
no ~10 r=l,NPRECIP 
310 LAGRAIN(I,Jl=O. 
no 31?. I=l,NPPECIP 
JLAST=I+IT4-l 
no 31?. J=I,JLAST 
312 LARAAJNCT,Jl=FP4CTI\J(J-I+l~PREC!PCl 
l)Q 313 J=l,JMAX 
 
DO 313 T=l,NPRECTP 
:113 P~ErIPCJ)=PRECIPCJl+LAGRAIN(l,Jl 
301 CO"JT!NUE 
C CALCULATE XKl BY THF REGRESSION EQUATION 
XKl=.R87*A**C.~9l*Cl.+Ul**C-l.683l*XPRfCIP**C-.24l*TRAIN**C.?.94l 
XK:T4 
C CALCULATE THE OUTFLO~ HYORORPAPH RA~ED OH A SINGLE LINEAR RESERVOIR 
























GO TO 7 
7 no 601 1=2,NPRECPl 
QCALC<IJ=O. 
!Ml=I-1 
no 1,01 J=l .r1-11 
72 
601 QCALC(Il=OCALC<tl+64S.33*A*PRECIP(Jl/OELT*(EX P(-(1Ml-Jl*OELT/XK) 
1-EXP(-(I-Jl*OELT/XK)l 
00 602 I=NPREC2,NPOP1 
602 QCALC<Il=QCALC<I-ll•EXP(-(DELT/XK )l 
IF<IFIT-2)5010502,502 - ~ 
C***** 
C THIS RLOCK FINDS THE MAX. CALCULATED FLOW ANO ITS TIME TO PEAK 
502 TTPCALC=O. 
OCALCMX=O. 
no 702 I=2,NROP1 














SUMSQ = THE SUM OF THE SQUARES OF THE DIFFERENCES RETWEEN THE CALCULATED 
AND ORSfRVED FLOwS.RUMSQ=THE SQUARE ROOT OF SUMSQ=FIT 
THIS RLOCK DEFINES "f IT" AS THf S(JU.rnE ROOT OF Thi: FRACTIOIJ~L FRQOP OF THE 
PF.nl'fS SQIJ/IRE() PLUS THE FRACTION~!. F: <JROR OF TH,: TJ'-IF.S TO Pf.AK SOIIARE/1 
SUMSC=( (Y08SMAX-QCALC~X)/QOgSMAX)D 0 2•((TTPOHS-TfPCALC)/TTPORS)*~2 
FJr=SCRT(SUMSOl 
GO TO SSC, 




no 4 I = l , NROP l 
4 SUNSQ=SUMS0+(00RSVD(Il-QCALC (lll**2 




<;03 PRINT 505 
505 FOR•lAT(" FIT=SQRT(SUMMATION FR0'-4 I=l,NRUNOFF OF (Q08SVO(Il-OCALCCI 
lll**2l"l 
GO TO S06 
504 pqp,JT 507 
507 FQqMAT(" FIT=SQRT( ((QOH5MAX-QCALCMX)/QOBSMAXl**2+((TTPOAS-TTPCALCl 
l/TTPQf,Sl"*2) 11 ) 
506 PRT~T 103,XK,FIT 
R>AST4=FIT 
103 FOPUAT(//llH WITH K=T4=,F4.2,"HOUPS THE INDEX OESCRIAING THE DEGRE 
JF. TO ~1HICH THE CURVES 00 NOT FIT="Fl0.2) 
PPJNT 105 -
105 FOHMAT( 11 1THE FLOWRATf.S IN CFS ARE AS FOLLOWS 11 /lOX. 11 TIME",ll,X, 11 CALC 
lULATE0 11 ,lOX, 11 0qSERVED"l 
00 8 I= l • NPOPl 
TIME=CI-ll*DELTMIN 
STTME<Il = CI-ll*OELTt~IN 
8 PPINT 106.TIME,OCALC<Il,QOASVD(ll 
106 FQqYAT(3(10X,FlO.lll 
IF (IPLOT - l l 151•152,152 
152 CALL ~APA(6,STIME ,QCALC ,l,NROPl,HL,HH•VL,VH,8~TIME-M!N,AHFL 
lOW-CFS•3lHCALCULATED AND OBSERVED VS TIMF,l) 
CALL MAPA(6.STIME ,OOASVD ,l,NROPl,HL,HH,VLtVH,AHTIME-MIN,8HFL 

















CALL ~APAlltSTIME oQCALC . tltNROPltHLtHH,VL,VH,AHTIME-MIN,BHFL 
l0W-CFS,31HCALCULATED AND ORSERVED VS TIMf.,l) 
CALL MAPA(Z,ST!ME ,QOASVD ,l,NROPl,HL,HH,VL,VH,AHTIME-MIN,AHFL 
lOW-CFS,31HCALCULATf.D AND OBSERVEO VS TIME,l) 
CALL MAPA(2,STIME ,QCALC ,l,NROPl,HL,HH,VL,VH,AHTIME-M!N,BHFL 
lOW-CFS,31HCALCULATED AND OHSERVED VS TIME,1) 
CALL MAPA(4oSTIME ,QCALC ,l,NROPl,HL,HH,VL,VH,BHTIME-MIN,8HFL 




r,o TO 7 
6 PRINT 104,XK,F!T 
PMSKl=FIT 
104 FO~"ATl//llH WITH K=Kl=,F4,2, 11 THE iNOEX DESCRIR!NG THE DEGREE TOW 
lHTCH THE CURVES 00 NOT FIT=",Fl0.2l 
PAINT 105 
fl() q I=l,NROPl 
TIMF=II-ll•OfLTMIN 
STF•F. ( I l = ( T-1) *flFL TMIN 
9 PPI'JT 106oTI'·!F.,OCilLC(T) ,Q08SVD(!l 
IF !!FLOT - l > 161,162,162 
16i CALL MAPA(~,STIME ,QCftLC ,l,NROPl,HL,HH,VltVH,RHTIME-MtN,AHFL 
lOW-CFS,31HC~LCULATEO ANO OHSEPVEfl VS TJME,ll 
CALL MAPA(h,STIME ,QOBSVO ,l,NPOP1,HL,HH,VL,VH,8MT!MF.-MTN,RHFL 
l~W-CFS,llMCALCULATEO AND OBSEPVF.O VS TIME,11 
CAI_L MAPA(l,STIMF ,QCALC ,l•'\/ROPl,HL,HH,Vl_,VH,fi,H!ME-MIN,l'lHFL 
Jn~-CFS,31HCALCULATED ANO OHSERVfO VS TIME,l) 
CALL MAPA(2,STIME ,QOBSVO ,l,NROPl,HL,MH,VL,VH•RHr!ME-MIN,8HFL 
lOW-CFSo3lHCALCULATEO AND OHSEPVEO VS TIME,ll 
CALL MAPA(2,STIME ,QCALC ,l,NROPl,HL,HH,VL,VH,AHT!ME-MIN,BHFL 
lOW-CFS,31HCdLCULATEO AND OBSERVED VS TI~E,ll 
CALL MAPAC4,STI~F ,OCALC ,l,NROPl,HL,HM,Vl_,VH,aHTIME-MIN,aHFL 
1nw-CFS,31HCALCUL~TEO AND OASERVED vs TIME,l) 
161 CONTINUE 
IF(KOPT,EQ,O)G() TO 999 









RMS=RMST4 . . 
202 CO"JT!NUE 
Xt<=X2 
203 TXI< :: XI< 
XK=XK-,lO*DIRECTN 
METHOD=METHOD+l 
TFIT = FIT 
DO 255 I=l,NROPl 
255 TQCALC(I)=QCALC(I) 
GO TO 7 
299 !F!FIT-RMSl296,296,998 
296 RMS=FIT 
C.O TO 203 
99A PRTNT 295 
295 FORMAT(//" THE STANDARD ERROR HAS STOPEO DECRfASING,OPTIMUM CONDIT 
}JONS FOLLOW") 
XK=Xl<+,l*DIRECTN 
PRINT 298 TXK, TFIT 
298 FO~MAT(// 11 WITH K ADJUSTED TOK= ",F4.2, 11 THE INDEX DESCRIBING TH 
lf DEGPEE TO WHICH THE CURVES DO NOT F'IT=",Fl0,2) 
PRINT 105 
DO 297 I=l,NROPl 
TIME=!I-ll*DELTMIN 
STIME!Il = <I-ll*DELTMIN 
297 PRI"JT 106,TIME,T~CALC(Il,QOBSVD(I) 
IF' !IPLOT - 1 l 171,172,172 
74 
172 CALL MAPA{6.ST!Mf oTQCALC ,l,NROPl,HL,HH•VL,VH,8HTIME-MtN,8HFL 
~ ~  ANU 08SERVED VS TIME,l 
CALL MAPA16,STIME ,QOBSVD ,l,NROPl,HL,HH,VL,VH,ArlTIME•MtN,AHFL 
10W-CFS,3l~CALCULATED AND OBSERVED VS TIMf,l 
zeo CALL MAP-11,STIME ,TOCALC ~  
1n~-CFS,31hCALCULATFQ AND nRSERVEO VS TIME,l 
. CALL MAPAl?,STI~E ,008SVD ,l,NROPl,HL,HH,VL,VH,AHTIM~•~IN,AHFL 
 ANO ORSERVEO vs TJME,l 
CALL MAPA12,STIME ,T0CALC ,l,N~OPl,HL,~H,VL,VH,8HTIME-~lN,8HFL 
285 l0k-CF~,1l~CALCULATED AND OBSERVED VS TIME,l 
Cftl MAPA(4,STIMF. ,TQCALC ,l,NROP1,HL,HH,VL,VH,8HTIME-M(N,AHFL 
10W-CFS,31YCALCULATED AND OBSERVED VS TIME,l 
l 71· CO>.JTINlJF. 
999 STOP 
END 
TYPTCAL ')A TA ~FT 
FLOw f:~Ut:F 1?5 ;, ri f F l?/l4F/l TI ,. :_ 4-9 ~ M 
1,13P .4 1 :~ n • 1 5 . 2 l 3 
l 0 
• n n ,., • 0"'?7 • 0()<,4 ,002':'i .0001 
,l/109 • 007? • i) 0 IJ, 
o. ,c; ? 1 • ':, 3-"'. \) 20. c:; 
l 4. 11. K,? s.3 4.~ 


















Vicente Subbasin Simulation Model 
P1-l')f;'-'f"°' STAT PI-.FII\JFS STO"i'S, OVERFl.O\~ STopr~S, ANO OVE l<FL0\11 
VOLli:-,F'; ~·,rn;., P!Jf.CJP REC1)>-1()~ ON 'AI\Hai:fIC TJ.PE . 
~ FQFCU~~CY ANALYSIS JS ~E~FORMEO ALSO. 
PRQG~t•i STAT(II\JP UT,nUTPUT,TAPE7,TAP~5=INPUT,TftDE6=0UTPUT) 
Cf),..,' ') t , J • VOL I 'i O O ) , NS TOR•~ ( ', •l :l l , 'i O VI'" L ( S O O l , I) E PO F ( 5 0 0 ) 
r, r,.,, p, c. r n N y F. .P I so o > , D ll Y c ·-,no l , ALP H"' < '• l , o Y I 5 O o l 
rn "F w; Tl_) ;,I e:::, f'. C T p ( 5 0 (1 ) • fl~: 1° ( l O O i • pp 1-. C ( 2 5) 'p A Pl ( 5 0 0 ) 
nr~FNSIO~ 5~(]00) 
INTEGFR DQY,YEAR,PREC,P~FCIP 
n:_i,, =-1. o 
100 r,rHTP•IJF 
C nv~~~LOW CURVE COEFFICIENTS ARE RF.AO AND CURVE rs CO~PUTED IN 







F <_l '< '-' I\ T I ? F l O • 3 ) 
T F (IC nF I c.; > > 1 o 1 , 1 o 2 
CONT H 1UE 
JJ::3 
CO~VEP=l2/(52R0,•52A0.•2.) 
J IS A SUBSCRIPT ON YEAR 
,J:: 1 






Qi) 30 Kl=l,72 
OFPCKl)=Cl*Kl•C2 
~~JTEC~,60J1Cl,C2 









l•(nU~ATTON) • *,F4.?) 
WRITE16,600) 
FO~•~AT(///,2X,•YEAR•,5X,*NUMBER OF STOR~S•,sx.•NUMRfR OF OVERFLOWS 
l*,7X,•TOTAL VOL. OF OVE~FLOW*,7X,*AVfR. DURATION OF•• 
23X••AVEP. TOTAL PUR. nf•l,59X,•MILL!ON CU. FT.*,2X,*IN.*,8X, 
3•0VFRFLOw IHRS.>•,6X,•UVtRFLOW STORMS (HRS.I*/) 
FIRST 24 PREC!P VALUES AME READ . 
PE AD< 7) DAY I I) , YEAR (I) , ( 1-'REC (I<) • K= l, 24 l , DY (I) 







IF<JJ.EQ.3)GO TO 51 
IFIIEOF.EQ.l)J:J+l 
L=J-1 
JFl~OVFL(L).EQ.O)GO TO 700 
COMPUTE THE AVERAGE DURATIO~ OF OVERFLOW FOR EACH YEAR. 
AVOFDUR= ODUR/rLGATINOVFL(Ll I 
COMPUTE THE AVERAGE STORM DURATIONS FOR EACH YEAR. 




GO TO 701 
~ V()F/.llJl'<=O • 
AVSTOUR=O. 

























JF(IEGF.f.Q.llGO TO 5 











qfsn A sEq!ES of 24 PPECIP VALUES UNTIL A NON-SUCCESSIVE DAY OR 








GO TO 7 
corHir-lUE 
TFCYE.~P(ll.t:Q.YE/IR<I+lll GO TO 2 
f) A Y ( 2 l =O A Y CI+ l ) 
YE.AR(?l~YEAR(I+l) 
I=l 
GO TO 3 
CONTI~•UE 
!F(KOVFL.GT.O)GO TO 650 
"R!TF(o,651) 
651 FOR"'AT(SX,*NO OVE,lFLOWS OCCURRED DURING FNTIRE RECORD*) 




H3=Slll PHA/KOVF L 
n~ITF(6,602JB1,R2 
602 FO~MAT(//5X,*AVER. nURATION OF OVERFLOW IN HRS,=*• 
2F6.?//,SX,*AVfR, TOTAL OVERFLOW STORM DURATION IN HRS. = *,F6.2) 
CALL FREQ 
GO TO 100 4(.. · 
3 JJ=l 
GO TO 7 
2 IF(f)AY(J) .EQ. (DAY(I+l>-1)) GO T0 . 6 
GO TO 7 
f, JMAX=t<114AX 
KMllX=t<tAAX+24 
C STOPE SUCCESSIVE SETS OF PRECIPVALUES IN A CONTINUOUS ARRAY OF 
C LENGTH KMAX. 
DO 202 II=l,24 







I= I+ l 
r;() TO l 0 
K=LlµTlS K=l,,µAX 
Kl= ' ,11"',ER OF SUCCtSSIVE ~JON-ZERO PRECIP VALUES=STORM OUR, IN HR5. 
K=l 
,< l =O 
n() 'j:-, M=l,t-:MAX 
PflHl(~l=O. 
f'f'YTH=O • 
I) I F 1, ,, )' = 0 • 
GOT') 13 











































[)TF /,·1 AX=O • 
TFCIE GF.EO.l .AN~. K.FQ.~MAX)GO TO 50 
f)fYTf-'=0 
IFCK.GE.KMAXlGO TO 24 
Kl =O 
IF( P~ FCIP(K).EO.o .a~D. DEPTH.EQ.O.JGO TO 18 




P:-(ROJN(Kl) .GE.l)EP(l) lDIFt,AAJt=IJ.l 
COMPUTE THE OIFFEROKE REhiFE~I THE ACCUt,Alll_ATFrJ DEPTH ANO THF 
nvE~FLOW CURVE FOR EACH HOUR AFTER THE 8FGINN!NG OF THE STORM. 
nJF=QFPTH-OFP(~ll 
IF(O!F.LE.OIFMAX)GO TO 33 
fHFMI\X=DIF 
CONTHIUE 
IF(K.GE.KMAX)GO TO 24 
K=K+l 
GO TO 13 
THE LOOP THRU STAT. P05 DEFINES THE END OF THE STORM BY LOOKING 
FOR 3 HOURS OF ZERO PRECIP WITHIN THE CU~RENT SET OF SUCCESSIVE 
PRFCIP DAYS. 
IF((K+2).GT.KMAX)GO TO R02 
IF(PPFCIPCK+l).EQ.O .AND. PRECIP(K+2l.EO.O)GO TO 803 
K=K+l 
Kl=Kl+l 
Gn TO 13 
K=K+2 
GO TO 24 
!F((K+l).GT.KMAX)GO TO 24 
JF(PRFCIP(K+l).EQ.O)GO TO 805 . 
K=K•l 
Kl=Kl+l 
GO TO 13 
K=K+l 
CONTINUE 
KEEP A RUNNING SUM OF THE NUMRER OF STORMS IN EACH YEAR. 
IF(nEPTH.GT.O.)NSTORt,A(J):::NSTOPM(J)+l 
IF<K.GE.KMAX.AND.DEPTH.EQ.O.)GO TO 28 
JF(K.GE.KMAX)GO TO 403 
IF(IEOF.EQ.l) GO TO 403 
IF(OEPTH.EQ.O.)GO TO 18 
CONTINUE 
IF(nIF~AX.GT.0,)GO TO 203 
H(K,(·t-~.KMAX)GO :ro ?.H 
q A f r,1 ( ·"' ) ::: 0 • 
i', ll Tl) 111 
Kf:f:P ~ PUNN!t-<G SIJ~• OF THf-: FOLLOWING • •• •• 
l. NOVFL=NUµ 8E~ OF OVEHFLO~S IN ~AC~ YEA~. 
2. K,,,a,ou~=HOU~S FkO~ HEG!N~iNG OF STORM TO TIME WHEN MAX OIFF. 
~ETWFEN STOMM ~ASS CURV~ aNn OVERFLOW CURVE OCCURS. 
1. KST/lRM=fOTAL STO~M DU4AfiO~. 
4. I/UL=0Vf:f-.FL0 1• VilL. IN CU FT. FOR EACH YEAR. 
s. D~POF=OVERFLOW VOL. IN INCHES FOR EACH YEAR FOR THE 2.0 SQ. Mt. 





r l)IJR= 1 
1-AllXl)IJP=l 
RATI0=3. 
rin 9"i I=l,Kl 
IF(Rll!~CI).GT.~MAX)RMAX=RAIN(I) 
(l() Q', I=l,K! 





















JF(P~Fvq.LE.2.0.AND,RATIO,LE.2,0)GO TO 98 
JGUR--=l 
r-o TO 96 
CO-iT If\JUE 
IOUR=JDUR+l 




IF("'A.XDlJR,EQ,llGO TO 103 
EQOEP=O, 
T"'IN=lMAX-MAXDUR+l 
110 99 I=IMIN,IMAX 
EQnEP=EOOEP+RAIN<ll 
<iO TO 104 
103 FOOEP=RMAX 
104 COt\JT H,UE 
JDLJR :t,' A XOUR 




00 <:i7 I=l,3 
AL 0 HA(ll=ALPHA1 
,.. C 
ALPHA(4)=1,0 • 
VOLUME OF OVERFLOW IS COMPUTED FRO~ SUBROUTINE VICENTE 
no 106 L=l,Kl 
106 SR<U=RAIN(L) 
CALL VICENTE<ALPHA,Kl,RAIN,VOFLO,OFOUR,OUM) 
NV IC=~IV IC+ 1 
OFDUR=OFDUR/60, 
Tf(V,lFLO,EO,tl,lGO TO QO 
'.,t.U-'hA.::SALPHA+ ALPH4 l 
l =IPf.lFV 







QO CO NTIMJ t: 
I={PRFV 
{F!TF0F,EQ,ll GO TO 50 
31 tF(K,FQ,t<t~AX) GO TO ?8 




110 ':-7 M:1,KMAX 
57 l'AIN ("')=O. 
GO fO 13 
28 TF!JJ,EQ.l) GO TO 40 
I=I•l 
I\M .l\)(:?4 0 
on i-'10 Il=l,24 
JF(PKEC<II>.LT.~)PRfC!II>=0 . 
PPfCIP!II>=PREC(ll) 
210 CONT I~1UE 
GO TO 10 
40 J=J•l ,,o 211 II=l.24 
IF (PPFC(II) .LT.6)PREC(Ill=0 
PPECIP!II>=PREC!II> 
211 co 1,TH'UE 
I=l+l 

























SU ;P()IJf T,'.f FPf() 
T~IS SUf~OUTINE PERFGPMS A FREQUENCY ANALYSIS OF THE NUMBER ANO 
VOLIJl.,F nF O\/ERFLn~1S .[N ., YEAR. 
r,),hl)t-,1 J.VOL( ~Oil) ,Nc;ro.;M('iOO) ,NO\/F{_(",00) ,OEPOF(500) 
r1I'Fl~SI<'N ~l()FPY(JOO) ,PEXr,n( ~00) ,NOFVOL(600) 
[~TFGF~ ZNQVFL•ZVOL,SUM0,SUM5 
J'•AX=,J-1 
nFLVDL=THF [NCRfMfNT OF OVERFLOW VOL. USfn IN THE FREQ. ANALYSIS. 












IA A)( I\)() V = (). 
VOL"AX=O, 
c:;1ws=c;U1,s+NSTOPI~ (I) 
c.;u,•o:,t,MO+NOVFI. ( r) 
~UMVOL=SUMVnL+VOL(l 
TFCNOVFLC!l~GT,MAXNOV) ~AXNOV=NOVFL(Il 
TF C Vl)L ( l l  VOL '-IAX l VOLMbX=VOL ( I l 
I= I+ 1 
TF(T,GT,J..,AX) r,o TO ':l 
r-0 T0 2 
COMf.>UTE VARIOUS OVERALL STATISTICAL PARAMETERS AS DESCRIBED IN 









~~ ~  
201 FO~MAT(~X,*ANALYSIS ~ASEr ON *•13,* YEAR$ OF RFCOR0*/,5X• 
l•TnTAt. NUM~ER OF ~TnRMS= *IS/,SX,*TOTAL NUMBfR OF OVERFLOWS= *IS/ 
? ) 
~1->ITFlh,200lANOFPY,AUFVPE,VPFI,AOFVPY,VPYI,POFFAS 
2nn FOP~AT(SX,*AVf~. NU~~ER OF OVERFLOWS/YR.= *F7.2/SX,*AVER. VOL. OF 
1 OVFMFLO~/OV~HFLO~ FVFNT= *F6,2,* MILLION CU, FT,=* 
4 F6.3,*  *AVER, 
r v0l. OF OVERFLOk/YA,= *F7,2•* MILLION CU, FT,=*F6,3,* IN,*/SX,*P 
3~n~a8TL[fY ~F OV~RFLO~ FROM ANY STORM= *F6,4///) 
r,0 ;>I) L=l ,~Al(NUV 
~•QFPY (L) =0  







t, c; T T F. ( h • 3 ':, 1 ) 
FO~MAl(~X,*~UMqf~ OF OV~RFLOWS*,SX,*PROAARILITY OF EXCEEDING*,5X, 
?•P~n~•HILITY OF ~XCftOl~h AT LEA~T*/,lX,*PEH YEAR*•l4X,*OURING AN 
3Y Y~~P*,lOX,*ONCt DUkJNG 100 YEAR PERIOD*/) 
CO'IT Ir•UF. 
IF<N0VFL(Jl.GT,0)(,0 TO 300 
7,Jovr=-1 c.=/t\OVFL• 1 
r-n TO 310 
~•r)ePY p,1()'Je1, (Jl) =~OFPY UW'/FL (JI) •l 
CONT T r,L,E 
,J==J .. 1 
[F(J.GT.J:.,AXI GO TO 10 
GO TO 'I 






































co~PUTF THE PR08A81LITY OF EXCEEOING N OVERFLOWS IN ANY YEAR AND 
THE ~SSOCIATEO RISK 8ASEU ON A 100 YEAR  
SS~OFPY=SSNOFPY+NOFPY(Il 
PfXNO(Il=l.-CSSNOFPY/SNOFPYl 
4 TS~= l , -C l • -PE x /'10 C I l > <>• l O 0 
\,Jf.!H C'>,352) I,PFXNOCil ,RISK 
T=t•l 
JF<T.GT.M,4Xt-.i0Vl r;Q TO 14 
r,o T1) 11 
KMAX=CVOL~AX/OELVOL)+l 
[10 30 N=l,Kt-<AX 
N()FVOL (NJ  
CONTI~IJF: 
••R!T': (fo,.355) 
FO~r•hT(///7X,•VOLU~E OF OVERFLOW/YP.•6X,<>PROAARILITY OF EXCEEOIN 
l~<>,5X,<>PROBAAILITY OF EXCEE~ING 4T LEAST<>/2X,0MILLION CU. FT.•,5X, 
 ANY YEAR••lX,<>ONCE DURING 100 YEAR PERIOD<>/) 
J=l 
THIS LOOP DETERMINES THE NUMAER OF YEARS IN WHICH THE OVERFLOW 
VOLUMF F4LLs··~HTHIN A PARTICULAR  
CONTI~UE -
TVOL=VOL(Jl/DELVOL 
IFCVOL(Jl.GT.O.)GO TO 400 
ZVIJL=7VOL•l. 





IF<J.GT.JMAXJ GO TO 50 








co~PUTE THE PRORABILITY OF EXCF.EOING A PARTICULAR OVERFLOW 




vriv = T ~,l)FL VOL 
f)()F:V()F;,xx 
~· !.,) 1 TE ( ':> • 1 "> 7 ) VO F , , l 11 F , r, E X I OE L , R I SK 
F0R~AT(2X,FlO.l,~X,FG.3,lbX,F6.3,2~X,F5.3J 
I= I +l 
TF([.GT.KM~XlRETU~N 
f;O TO Sl 
FND 
c;u,,1olJTINF VICE"NTE(ALP'111,~-·R,f.l,TT()VF,OFDIJR,OU"4) 
nr~FNSIO~ T1">00),QUP(500) ,nnN(500J,QBASIN(500),Q36(500J,Q3T09(500) 
I , A -iE A ( 7) , >< C 7 J , C ( 7) , BA SE ( /J , QCA P ( 4 l , VMA X ( 4) , S ( l 0) ,  D < 1 0) , N ( 1 0 l , 
i?l~EL X ( l O l , TVO VF ( 4 l , LS TOVF ( <>) , NOOVf ( 4 l , ALPHA ( 4) , R (:, 0 0 l , RR ( l O O) , 
3nZFPQ(4) 
~ ~  
FOUIVILENCE (Q36 ( l) ,Q3T09 ( 1 l) 
i:,1~.it. ", N 
00 150 I=l,500 






















IF (nUt~.GT.O.O)GO TO 333 
"'EA:\ ( S, 100) fJEL Tl1 A<;, PEL HIE A, JRE TA IN 
100 FOq~AT12FlO.n,Il0) 
GfAn(S,101) (AREA(Il,1=1,7) 
f.ltAn(",101) IK(I) ,I:1,7) 
•IE A I) I S , l 0 1 ) ( C I I .> , I = 1 ,  7 ) 
O f A[) (C:,.] 01) (?.ASE ( l l, I=l ,7) 
AEAO(S,101) CWCAP(l>,I=l,4) 
~EAD(S,101) CQZERQ(I),I=l,4l 
1-<E.t,n(c:,101) (VMAX(I) t!=l,<tl 
101 "OQMATl~Fl0,2) 
PEpn(",101) (SIi) ,I=I,10) 
l'iF.An(S,101) (DCJ),I=l,10) 




DO ?50 I=l,NR 
250 PR(!l=R(l)/4, 
00 200 I=l,"JR 
rJO 200 J=l,4 




C SUB-BASIN 6 
JS=l 
CALL RASIN (AREA (JS) ,K (JS) ,BASE (JS) ,C (JS) ,"IR,R,QBASIN,NUPl 
C A~TF.NTION BASIN 12-3 
JO=l 
CALL RETNTNIOBASIN,NUP,QUP,QCAP(JD),ALPHA(JD),VMAX(JD),TVOVF(JD), 
lLSTOVF (JD) ,NDOVF (JD) ,<~ZEROIJDl) 
C PF.ACH 5 
JP=l 
CALL RF.ACH(QUP,NUP,QON,NDN•SIJRl,D(JR),N(JR),OELX(JR)l 
C SU8-BASIN 3 
.JS=2 
CALL PASIN(ARF.AIJSl ,K(JS>,BASE(JSJ,C(JS),NR,R,QBASIN,NUP) 
!F(NUP.r.E.NON)NQ=NUP 
IF(NUP.LT.NDN)NQ=NDN 
DO 1 I=l ,NQ 
1 QUP(l)=Q8ASIN(l)+QON!I1 
NQPl=NQ+l 
00 9 I=NQPl,500 
9 QLJP(I)=Q~tS!N(l)+QDN(l) 
C qEACH 4 
.11~=2 
C~LL ilF.,\CHIQUP, NO,Q36,N36,S(JR) ,DIJR) ,N(JR) ,DELX(JR)) 
C SLIR-GhStN 8 
,JS=3 
Ct.LL 1'-~SI"J (AREA (JS) ,K (JS) ,BASF. (J5) ,C (JS) ,NR,R,QBASHl•NUP! 
C PETENTION BASIN 12-4 
J0=2 
CALL P~TNTN(QBASIN,NUP,QUP,QCAP(JO!,ALPHA(JOJ,VMAX(JD),TVOVF(JDl, 
lLSTOVF(JI)) ,MDOVF(JD) ,QZERO(JI)) l 
C Ci£AC'1 11 
,JR:3 
CALL PE/ICH IQUP, NQ,QON,NUN,5 (JR) ,D (JR) ,N (JR) ,DELX (JR) l 
C su~-RASIN 5 
JS=4 
C ALL P A<; [ N I A RE A ( JS ) , K ( JS ) , BAS f ( JS ) , C I JS ) , N R ,R ,fJ i3 AS I N • NU P ) 
JFl~UP.GE.NDN!NQ=NUP 
IFl~UP.Lf,NDN)NQ=NO~ 
no ?. 1 cc 1 , ~10 
2 QUP(l)=Q8ASINII)+QON(Il 
NQPI =Nl+ l 
DO 19 I=NQPl,500 
19 QUP(!)=QBASINCl)+QON(l) 
C PF.ACli 10 
JR:4 
CALL PEACHCQUP,  ,NIJP),DELX(JR)) 
82 
[)() 3 T=l,500 
3 QUP(J)=qDN(l) 
lvUP=NON 
90 C RE4CH 7 
,JR=S 
CALL PEACH (QUP,NUP,QDN,NDN,S (JR) ,D (JR) ,N (JR) ,DELX (JR)) 
C SUR-RAS IN 4 
JS=5 
95 CIILL R.ASIN(AREA(JSl ,K(JSl,BASE(JSl,C(JS),NR,R,QBASIN,NUP) 
tF(NUP.r.E.NDN)NQ=NUP 
!F(NUP.LT.NDN)NQ=NDN 
DO 4 I=l,NQ 
4 QUP(Jl=QBASIN(Il+ODN(!) 
100 NQ?l=NQ+l 
DO 29 I=NQPl,500 
29 QUP(!)=QBAS!N(ll+QQN(l) 
C PEACH 13 
JR=6 
105 CALL REACH(QUP, NQ,QDN,NDN,S(JR) ,D(JR) ,N(JR) ,DELX(JR)) 
JF(N~N.G£.N36lNUP=NDN 
JF (N!W.L T .N36)NUP=N36 
DO 5 I=l,NUP 
5 QUP(Il=QDN(!l+Q36(1) 
110 NUPPl=NUP+l 
[)0 39 I=NUPPl,500 
39 QUP(l)=QDN(ll+Q36(ll 
C REACH 3 
JR=7 
115 CALL REACH(QUP,NUP,Q3T09,N3T09,S(JRl,O(JR),N(JR),DELX(JR)) 
C SUA-AAS!N 9 
JS=€-
CALL BASIN(AREAIJSl,K(JSl,BASE(JSl,C(JSl,NR,R,QBASIN•NUPI 
C PETFNT TOI\J i<IISIN 12-~; 
120 .Jn=, 
Ct.LL PET!\ TN (QRi.<;J"l,NUP,QUP,QC.~P (JD), ALPHA (JD) ,VHAX (,JD) ,TVQVF (JOI• 
lLSTnVF (JO) ,NDO\IF (,ID) ,QZf:RO(JO!) 
C REACH l.j 
JR: ,", 
125 CALL PF~CH(QUP,NIJP,()Dl\',NON,S(JR) ,O(JR) ,N(JP) ,DELX(JRI I 
C S UD-9ASIN 7 
,._15=7 
CALL 8ASIN (APEA (JSl ,K (JS) ,HASF. (JS) ,C (JS) ,NR,R,QBASIN,NUP) 
tF("'UP.GE.NON)NO=NUP 
130 lF(NUP.LT.NON)NQ=NDN 
no ,, T=l,NQ 
6 QUP(ll=0~,SIN(Il+OON(I) 
NQD 1 =~1Q + 1 
DO 49 I=NOPI,500 
135 49 0UP( I l-=<lHASI"lll) +QDN< l I 
C PEACH 8 
JR:Q 
CALL PEACH(QUP,NUP,00N,NDN,S(JR) ,O(JR),N(JR),DELX(JR)) 
no 7 T=l,'iOO 
140 7 QIJP ( I l =CJO"I <I) 
r>.'UP=NflN 
C PEA(H f, 
J~=lO 
CALL REACH(QUP,NUP,ODN,NDN,S(JRl,D(JR),N(JR),DELX(JR)) 
145 IF ( ~iOt•. GE. N3 T09) Nl,==NDN 
IF (r>!ON.1. T ."13T09l NQ::N3T09 
n n ll I=l ,r-w 
A Q [) "I ( I l = () 0 t J ( I l • Q 3 TO 9 ( I l 
NQP]c::r,Q+l 
150 no <;q I=NQPl .,500 
59 QO~(Il=OUN1l)+Q3T09(ll 
C RfTFr-JTI0N 8ASI t\J 12-2 
JD=4 
C~LL PETNlN(QDN, NO,QUP,QCAP(JD),ALPHA<JDl,VMAX(JDl,TVOVFIJD), 
155 lLSTOVFIJO) ,NDOVF(JDl,QZERO(JDll 



























Sl-~40l fl Ii!: kE TNT.'J ( Q l ~!, N(lI N, QOUT t OCAP t ALPH1\, VMAX t TVOVF ,LSTOVF Y 
1,nc,vF.nZl:><Ol 
l;l"f,\,STON QlN('i00l ,1")0\JT(500) ,V(501) ,T('300) 
rO~M0~/VIC/nELT8AS•nELTµEA•JRF.TAJN,JS,JD,JR 
C ~~~ ,~ T~E -~Axr~u~ ~L)~ 4ATE OUT o~ THE PETENSION BASIN (CFS) 
C" VWAX IS THE MhXIMUM HffFNS!ON CADACTTY (CFS) 
C VSTOHT IS THE QUANTITY OF ~ATER (CF) INITIALLY IN T~E RETENSION BAS! 
VOLnf:-=O. 
IFC,J>H·T/\l'l.f:•.~.Ul(,0 TO 16 
IF(JO.GT.lGO TO 50 
00 t+Q J=l,SOO 
l")OIIT(I)=O. 
V ( {) =t) • 
T(!)=O. 
4'l CONTINUF. 











10 JF(V(J)-(OMAX-GIIIICl )*bO.*DELTREA) 12,12,13 
12 nOUT(Jl=OIN<I)+V(Il/(60.00ELTREAl 
VCJ•l=O. 
GO TO 6 
13 VCI+l=V<Il-(QMAX-GIN<ll*60.*DELTREA 
Of)UT ( J) =QMAX 
GO TO 6 




c;o To 6 
15 QOUT(I)=GIN!I)-!VMAX-V!!))/(60.*DELTREAl 
V<T•l=VMAX 
GO TO 6 
V <t + l =VMAX 
QOUT!Jl=QIN<Il 





00 R02 I=l ,NGIN 
JF(V(l+l).F.Q.VMAX)GO TO 801 

























IA no 17 I=l,NQIN 




51 .I" 0 :") I I T J NE 8 '\ S [ N ( A , 1< • !3 A <; E , C • N R , R , 0 , Mn 
l~ l "F •i 5 In N () ( ':, () 0 ) , R ( ~ 0 0 l , T ( <=, 0 0 l , Q F ( 5 0 0 l , R 8 ( 5 0 0 ) 
cn ~~OM/VIC/OEi.Tbns,nELTREA,JRET AIN,JS,JD,JR 
Ti-' ( . J'-; , GT • 1 )(; 0 r O 11 
f:O .-,,) l:;1,500 
,., < r > = (\. 
T ( [) ::Ii. 
riv (I> ==O. 
;,,:1 ( J > =O • 
50 CO~J f!NUE 
11 no '• T=l . ~,R 
4 PQ(J):R(!)*C 
DFLT=DELTHAS/60 , 
0 < l) = 0. 
T(l>=rJ, 
I=l 
2 I=I +l 
l'•l=I-1 
·1 ( ! ) =O • 




IF<I'·q,LT,NP) GO TO 2 
QEt·,D=0 < I l 
3 I=T+l 
r, .. , l = I-1 
Q(J):O(T -ll •EXP(-OELT/K) 
TIIJ=nFLTRAS*IMl 
JF(QIJl,frT.,OPGfNO) GO TO 3 




rJO 7 J=l,NQ 
FI=(J-ll/F+l, 
Il=F I 
IF((IJ+l),GT.NQ)GO TO 7 




no P. J=l,Na 
8 01.;)=ClF(J) 
T_(ll=O, 
Q ( 1 l =f.l ( 1 l +BASE 





SU•H,Ol,1 f I l\!E !'IE ACf.t ( c~.J, >,I) • Q . .JP l • N(),JP 1, <;,I)• N • DELX l 
n I•• f "l c; f ') N (~ J ( 5 0 (l ) • 0 , J >' 1 ( SO O ) • T C 5 O O l 
RFAL , ·,~•KHYDEI.T 
('Oln-'i'll\' /V IC/DEL THAS , l)EL TPF.A • . Jq:= r fl I•~,JS, JD,JR 
T F C.J ·I • b T. l ) GO T (J ', 0 

























(.)JP I ( 1 l =QJ ( 1 l 
0=3.l4lh*D*D/R.*l.4~6/N*(0/4 .l ••.6667•SORT(S) 
CALL ~ALFA(Q,S,;.,~1,DELX,K,ALPHAI 







IF ( 'l ,J ( ! ) . GT• QU IA AX ) <;UM AX =OJ ( I ) 
r, rn .JPl ( 1, .GT .on,..11x, c;DMAX=OJPl < r i 
' 3 fF(T(T+ll-K.GT.O,l GO TO 1 
QJR=OJ < 1 l 
QJD l "<=QJP l ( ll 














TF!T,LT.NOI GO TO 5 




IF(T.LT.~0+101 GO TO 6 
NQJPl=I 
SUt11?=0. 






fl{) 10 J=IPl,·,oo 
10 QJPl!J)=QJPl(ll 
kF TU~~' 
SUClDQUTIN? KALFA(Q,S ,R, M,nt:t.TX ,K,ll.LPHAI 
PFt~ L N,K 







CH•CK TO S1-F. IF Q IS Gf-lFATEP THA~! THE FULL FLOW CAPACITY, 
IF IT IS LFT T=J.5 AND GO TO 13 AFTER PRINTING Q FULL AND Q FNTFRED 
G~ =l,4Q/N*(R/2,)oo,6~7*3,14l&•R*R•SQMT(Sl 
JFC0-0M.LT.O.)GO TO 1 
T=J.5 
r;o TO 13 
,, ITH T CIILCULATE ~RFA (A) AttO HYDRAUUC PADIUS (RH) 
l " = ( ( fl* * 2 l / 2 • l -:> ( T - S I N ( T ) ) 
? ;: H-:: ( >< * ( T- S l '·I CT) ) I Cc•* T) ) 
CALCULATf FL OW (0 I) FROM ~ANNING EQUATION 
3 • l I c: ( 1 • 4 <; / ~, ) <> 1i. " ( P !, <:· -;; ( 2 • I J , J ) * ( S '-' * • 5 ) 
C c0~PAPf 08SE~VE8 AND CALCULATED 













f Mf.FfJ~'), ADJUST T (T'iF.:TAl TO Gl:T RETTEP CALCULATEO FLOW 
rALLI~G FT THE OIFF~~ENCE ~ETWEEN g ANO QI WE 
FJ~JO FT=O 'lY "1F\-ITONS MET1100. 
nFT IS TtiF.: FTPc:;T OERIVATIVE OF FT (WITH RESPECT TO Tl 
6 DFT=-c ( (.469J•~••c8.l3.)•~••.5l/Nl• 
l<C (5.l3.l•T••c-2.l3.l*((T-5TN(Tl**l2.l3.)l 
2•<1.-roS<Tl l-(<<2.13.l•T••(-5.13.l* 
3( <T-SJN(Tl )*"<5.13.l l l l l 
FT=~-rJJ 
C APPLYING NEWTONS METHOD 
T=T-CFT/OFT) 
I=I+l 
JFCI.EQ.20) GO TO 99 
r.o TO l 
C TEST T FOR EXTREMES 
8 IFCT.U: •• l T=.l 
TF(T.G~.3.Sl T=3.5 
C CALCULATE K 
C FIRST CALCULATE OS/OU, Tt1EN K=DELT~•<DS/OQ) 
1 3 l sn ri= ( c 3. *"' > 1 c?. Q P * c P<><• c 2. 13. > > • cs•*. s > > , • 
1 Cl-COS(T) )/( < C (T-SJl'J(Tl l/(2.*Tl l**(2.l3.) l* 
2 ( ( cr;.12. I* ( l .-cos·cT) l )-( (T-SIN(T) l /Tl l l 
K=DELTX•DSOQ . 
C=l./f'SOQ 
C' CALCULATE ALPHA 
ALP~A=CK*Q)/(2*S*P*(OELTX••2.l*SIN(T/2.)l 
J F C ALPrlA  l •) ALPHA=l • 
r-.o TD 100 
99 wRITE C6tl2l 






Reser- Si [2] Si [3] Drain- Reservoir Runoff Dry 
voir • [l] max max i age Routing Coeffi- Weather Travel 
No. SFMP Alternate C Alternate B q;ax Area Constant, K cient Flow Time 
(i) No. (106 ft 3) [10 6 ft 3) (cfs) (acres) (hrs) C (cfs) (min) 
1 16-6 .66 . 32 530 456 .1239 .66 4.6 50.0 
2 5 1. 09 ".00" 240 748 .1586 .66 7.5 48.3 
3 4 .24 .12 260 168 .0752 .66 1. 7 45.9 
4 3 .16 .10 295 112 .0614 .66 1.1 42.0 
5 8 .30 .14 226 204 .0828 .66 2.0 44.2 
6 2 .13 .10 370* 88 . .0544 .66 .9 40.8 
7 1 .22 .22 18 90 .0550 .66 0.9 43.6 
8 7 .18 .10 25 124 .0646 .66 1. 2 39.4 
9 14-1 .14 .14 63 60 .0449 .66 .6 33.1 
10 2 . 79 .38 119 541 .1349 .66 5.4 32.7 
11 13-11 .57 .27 155 387 .1141 .66 3.9 33.6 
12 10 .23 .11 190 153 .0 717 .66 1.5 27.7 
13 9 .25 .12 140 165 .0745 .66 1.6 27.3 
14 8 .21 .10 250 145 .0698 .66 1.5 28.5 
15 7 .15 .10 95 101 .0583 .66 1.0 29.1 
16 6 .23 .10 185 154 .0720 .66 1.5 24.9 
17 5 1. 45 .70 419 1012 .1845 .66 10.1 22.1 
18 4 .18 .10 110 126 . 0651 .66 1. 3 30.7 
]9 3 .18 .10 200 122 .0641 .66 1. 2 25.1 
20 2 .27 .13 85 186 .0791 .66 1.9 19.4 
21 1 1.13 .54 151 '/70 .1609 .66 7. 7 24. 7 
22 12-3 .19 .10 82 129 .0659 .66 1. 3 15.9 
23 5 .40 .19 165 276 :0964 .66 2.8 29.4 
24 4 . 32 .15 170 222 .0864 .66 2.2 22.2 
25 2 .95 .46 253 655 .1484 .66 6.6 10.4 
26 1 .54 .25 73 370 .1116 .66 3. 7 13.2 
27 11-1 .26 .12 35 175 .0767 .66 ]. 8 24.1 
28 4 1.10 .53 151 761 .1600 .66 7.6 28.8 
29 2 .27 .13 380 182 .0782 .66 1. 8 13.2 
30 5 .36 .17 432 246 .0910 .66 2.5 15.1 
31 1 .24 . l l 107 165 .0745 .66 1. 6 l~.2 
32 21-4 .44 .21 210 299 .1003 .66 3.0 156.0 
33 3 .16 . JO 33 "107" .0600 .66 1.1 155.6 
34 2 .16 .10 78 109 .OG06 .66 1.1 152.4 
35 1 . 77 .37 207 529 .13:i4 .66 5.3 148.3 
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APPENDIX C 
Reser- Si [2] Si [3] Drain- Reservoir Rw10ff Dry 
voir [1] max max i age Routing Coe-ffi- Weather Travel 
No. SFMP Alternate C Alternate B ~ax Area Constant, K cient Flow Time 
(i) No. (106 ft 3) (106 ft 3) (cfs) (acres) (hrs) C (cfs) (min) 
36 28-1 . 76 .36 102 517 .1313 .66 5.2 156.8 
37 24-3 .14 .10 84 102 .0586 .66 1.0 158.1 
38 2 .13 ••. 00" 70 90 .0550 .66 .9 154.7 
39 1 .59 .28 220 405 .1167 .66 4.0 145.6 
40 37-8 .40 .19 54 271 .0955 .66 2.7 125.8 
41 7 .48 .23 155 330 .1054 .66 3.3 121. 8 
42 9 .67 . 32 340 453 .1234 .66 4.5 127.3 
43 5 1. 33 .63 183 923 . 1762 .66 9.2 106.8 
44 3 .45 .21 60 303 .1010 .66 3.0 99.0 
45 4 .16 .10 22 111 .0611 .66 1.1 101. 0 
46 30-1 .39 .18 52 262 .0939 .66 2.6 132.0 
47 37-6 .11 .11 200 80 .0519 .66 .8 129.7 
48 37-2 .23 .10 180 161 .0736 .66 1.6 130 .1 
49 37-] 3 .60 1. 71 587 2463 .2878 .66 24.6 121.9 
so 44-3 .68 .32 93 469 .1256 .66 4.7 81. 5 
51 2 . 32 .15 44 220 .0860 .66 2.2 85.7 
52 5 3.34 1.59 1·1139311 2289 .·2775 .66 22.9 71.0 
53 40-1 .34 .16 46 235 .0889 .66 2.4 98.5 
54 44-1 3.31 1. 57 · 532 2328 .2798 .66 23.3 90.2 
55 48-1 .15 .15 12 62 .0457 .66 .6 91. 7 
56 54-1 1.13 .54 153 774 .1614 .66 7.7 91.6 
57 52-2 .79 . 36 260 540 .1348 .66 5.4 82.5 
58 52-1 1.10 .51 136 749 .1587 .66 7.5 92.6 
Notes: 
1. Corresponding numbering San Francisco Master Plan 
2. Si max 
The storage capacity of reservoir i 
3. ~x= The flow capacity of the line leading from reservoir 
i to an 
interceptor or another reservoir. 
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APPENDIX P 
Statistical Analysis of San Francisco Storm Data 
As discussed in Chapter III, the semi-continuous simulation 
approach requires that storm events be defined from the continuous pre-
cipitation record. The definition that was adopted was that a 3-hour 
period of zero precipitation signified the end of a storm. In addition, 
all hourly precipitation values less than or equal to 0.05 inches were 
ignored in order to eliminate many small storms from consideration which 
would not cause overflows. 
A statistical analysis was performed of the average depth and 
number of storms as a function of duration for the 66 year San Francisco 
rainfall record using the above definition. Two cases were examined: 
all hourly precipitation values less than or equal to 0.05 in. ignored 
and all values used. The average depth as a function of storm duration 
is shown in Figure D-1. The data is approximately linear with the 
difference in slopes of the lines approximately equal to 0.05 in./hr. 
This difference is expected since this average rate of rainfall is 
being neglected in the former case. 
The cumulative probability curves for duration for the two cases 
are shown in Figure D-2. It is interesting to note that for the same 
exceedence probability the average storm depth depth obtained from using 
the corresponding durations in Figure D-1 is approximately the same for 
the two cases except at low durations. 
This data is presented for reference purposes since it may be of 
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FIGURE D-1 
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During the earlier phases of the study considerable rainfall data 
were gathered. Although not all were used in the analysis, some effort 
was spent in the gathering and the data may be of subsequent value, 
therefore it is summarized here. 
Rainfall depth-duration-frequency analyses were obtained from 
three sources [1,4,8]. The three analyses were not in perfrct agreement. 
A detailed study to find out the reason for this was not carried out 
but the same basic data may not have been used and the analysis pro-
cedures probably were not the same. Typical intensity-duration-frequency 
curves are shown in Figure E-1. 
In addition, 5 minute precipitation data for excessive precipi-
tation storms from 1896 to 1973 were obtained from the National Climatic 
Center, Federal Building, Asheville, North Carolina. These data were 
obtained with the tipping bucket raingage located on the roof of the 
Federal Office Building in San Francisco. They are presented in the 
following table. The 5 minute values are in hundredths of an inch and 
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EXCESSIVE PRECIPITATION DATA 
Date: 1/20/1894 Total Precipitation: 2.33" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
'"' 
~ 

















Date: 11/23/1896 Total Precipitation: 2. 27" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
·~ .. · ~-














Date: 11/24/1896 Total Precipitation: 0. 73" 
Hour 
1 2 3 4 5 t 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
,...., ... 
trYJ,l. ·.• 
HOUR TOT AL • O l · 12 · 0 2 • 0 3 . 0 7 
.OS .03 .01 .24 .06 .07 .02 
Date: 2/11/04 Total Precipitation: 0.75" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
s 2 2 1 1 
10 2 2 1 
15 2 3 1 1 l 
20 2 1 2 
25 1 1 1 1 1 
30 1 2 l 1 1 
35 1 2 1 1 2 
40 3 1 1 1 1 \0 
00 
45 2 2 1 2 1 1 
so 1 1 1 1 2 
55 1 1 1 1 1 1 2 
60 -- 1 1 1 
HOUR TOTAL 
Date: 2/12/04 Total Precipitation: 2.01" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 2 1 1 1 2 1 1 1 1 1 1 2 1 
10 2 1 1 2 1 2 2 1 1 1 1 1 1 
15 2 1 1 1 3 1 2 1 1 1 1 1 2 1 
20 2 1 2 1 1 3 1 1 2 1 1 1 1 1 2 
25 2 1 1 1 1 2 2 1 1 1 1 1 2 1 
30 1 1 1 1 1 2 1 1 1 1 1 2 
35 2 1 1 1 1 1 3 1 1 1 1 1 1 1 
40 1 1 2 1 2 1 3 1 1 1 1 1 1 1 '-0 
'-0 
45 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
so 2 1 1 2 3 1 1 1 1 1 1 1 1 
55 2 1 1 1 1 1 1 1 1 1 1 1 1 1 
60 1 2 1 1 1 1 1 1 1 1 1 1 1 1 
HOUR TOTAL 
Date: 9/23/04 Total Precipitation: 3.58" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minute ::. 
5 1 4 3 8 1 2 1 1 1 
10 1 3 3 5 4 1 2 1 8 6 
15 1 4 6 4 1 5 1 4 1 
20 1 11 4 4 1 1 2 1 2 7 
25 1 13 5 1 3 2 
30 2 1 7 2 2 1 5 1 1 2 
35 1 1 8 2 2 3 1 2 1 8 
40 1 1 18 2 1 1 5 2 1 1 ...... 
0 45 2 16 2 1 3 1 9 3 0 
50 1 3 5 2 9 2 5 1 
55 4 3 1 3 15 4 1 1 1 1 2 
60 1 2 2 14 1 1 1 2 1 3 1 
HOUR TOTAL 
Date: 3/ 5/ 12 Total Precipitation: 2. 0 7" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 5 2 
1 
10 20 1 3 1 2 1 1 
15 1 20 1 2 2 1 4 1 
20 3 24 1 4 2 1 
25 3 10 1 2 1 1 
30 3 1 1 1 1 1 
35 2 2 1 1 1 1 
40 1 1 3 1 1 1 1 1 1 ...... 0 45 2 2 s 1 1 ...... 2 1 so 1 2 7 1 1 2 ;. 1 1 
55 4 7 1 2 i 1 1 
60 4 2 1 1 1 1 
HOUR TOTAL 
Date: l2/ 3/ 1s Total Precipitation: 3.28" 
Hour 
1 2 3 4 5 6 7 8 9 . 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 2 2 2 3 1 1 1 3 1 1 2 
10 2 3 2 6 3 2 5 3 2 1 3 1 
15 2 2 2 5 3 2 1 2 4 4 1 2 1 1 
20 1 3 6 2 5 3 8 2 1 1 6 
25 2 2 3 2 2 4 7 2 3 5 
30 1 1 1 1 6 3 1 2 5 3 2 3 1 3 
35 1 1 3 3 1 3 5 1 1 1 1 1 
40 1 1 5 2 1 3 2 5 2 1 2 1 2 2 ..... 
0 
45 1 3 5 1 1 1 4 2 2 1 1 2 1 2 1 N 
so 1 3 2 1 1 2 5 3 2 1 1 1 1 
• 55 1 3 2 1 1 1 2 2 1 1 
60 1 1 4 2 2 1 4 2 1 1 
HOUR TOTAL 
Date: 1/2/16 Total Precipitation: 2.01" 
Hour 
1 2 3 4 5 E, 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 3 - 4 
10 2 3 2 1 
15 3 4 3 1 1 
20 2 3 3 
25 2 1 
30 1 4 2 
35 2 2 2 
40 1 6 3 1 1 ..... 
45 
0 ., 
4 3 1 1 ~ 1 
50 3 2 2 
55 1 2 3 1 
60 1 2 1 
HOUR TOTAL .06 • 32 . 40 . 30 
Date: 1/3/16 Total Precipitation: 1.66" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 






35 2 2 
-..1_~ 
40 l I-' 
0 
45 2 1 .i:,. 
so 1 
55 1 1 
60 
HOUR TOTAL .25 .25 .12 .10 .10 .25 .15 .10 .10 
Date: 2/10/19 Total Precipitation: 2.86" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minute'" 
5 2 1 1 2 2 1 4 1 2 1 1 2 2 
10 1 1 1 1 2 2 1 1 1 2 1 1 1 
15 1 1 1 1 1 1 2 1 1 1 1 2 1 1 1 1 
20 1 1 1 1 3 3 2 1 1 1 2 1 2 
25 1 5 1 1 3 6 1 1 1 1 2 1 1 1 
30 3 1 2 3 7 1 1 1 2 2 1 1 
35 1 2 1 1 2 2 2 2 2 1 2 1 1 
40 1 1 1 3 1 9 2 2 2 1 2 1 1 ...... 
0 45 2r 2 2 1 2 2 1 3 1 1 1 1 1 4 1 u, _, 
so 2 2 1 1 6 1 5 1 1 1 1 4 2 1 
55 2 1 1 2 1 12 1 4 1 1 . 1 1 1 1 1 1 
60 2 1 1 2 9 1 1 1 4 1 1 2 
HOUR TOTAL 
Date: 1/17/21 Total Precipitation: 2.40" 
Hour 
1 2 3 4 5 6 7 , 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 2 2 3 5 1 
10 2 5 2 2 1 1 
15 1 4 2 3 3 2 
20 3 5 2 1 2 
25 1 7 8 1 1 1 1 · 
30 3 2 1 1 1 1 1 
35 1 1 3 1 1 
40 2 2 2 1 1 1 1 1 1--' 
45 2 1 2 2 
0 
1 1 1 °' 
50 1 1 6 . 1 . 1 1 
55 5 1 1 8 1 
60 3 3 1 1 1 
HOUR TOTAL .22 .09 .28 
.09 .23 
Date: 12/21/24 Total Precipitation: 2.85" 
Hour 
I 2 3 4 5 6 7 8 9 10 11 12 
Minutes 
13 14 15 16 17 18 19 20 21 22 23 24 
5 I I I I I I I I 2 7 . 2· I 1 2 
10 I I I I I I I 2 I 4 6 I I I 1 
15 I I I I 2 2 I 5 7 3 . 2 1 
20 I I I I I I I . I I I I 4 5 I I I 
25 I I I I I 3 5 I . 2 1 
30 I I l I I 3 I I I I I 3 6 2 2 I I 
35 1 1 2 .2 I 2 I I 5 3 I I 
40 I I I I I I 3 5 3 2 1 ,_. 
45 I I I I I I I 2 I 3 5 3 2 
0 
I I I '-l 
so I I I I I I 2 I I 3 7 4 I 1 I I 
55 I I I I I 2 I I 4 5 2 I 1 I I 
60 I I I 2 I I I 2 I I 8 2 · I I 
HOUR TOTAL 
Date: 2/2/26 Total Precipitation: 1.18" 
Hour 
1 2 3 4 5 E 7 8 9 . 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 4 19 1 1 
10 1 1 2 5 1 
15 2 1 1 5 1 1 
20 l 1 1 2 
25 1 1 3 
30 1 3 1 
35 1 1 1 3 1 
40 2 1 3 .... 
45 1 1 1 2 · 
0 
4 1 00 
so 1 1 3 
55 1 1 1 3 2 
60 1 4 10 
HOUR TOTAL .04 
Date: 1/ 12/ 30 Total Precipitation: 0.75" 
Hour 




15 1 1 
20 
25 1 




45 0 \0 
50 1 
55 1 1 
60 
HOUR TOTAL . 62 .01 .01 
Date: 4/13/ 30 Total Precipitation: 1.14" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minuter 
s 2 3 2 
10 4 1 2 ., ,:. 
15 1 1 1 
20 1 . 2 
25 2 3 
30 l 1 2 
35 1 3 
40 4 l 2 1 1 f--' 
f--' 
45 4 1 2 2 1 0 
so 5 5 2 
55 3 4 1 17 1 
60 3 15 2 
HOUR TOTAL 
Date: 12/27/31 Total Precipitation: 1. 9 3" 
H"UT 
1 2 3 4 5 6 7 8 9 10 11 12 13 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 2 1 2 1 1 2 2 1 l . 
10 1 1 2 1 2 3 1 1 1 1 
15 1 1 1 1 2 2 1 2 2 
20 1 1 3 1 1 4 1 1 
25 2 1 1 .2 2 3 1 2 3 
30 1 3 2 1 2 1 2 1 1 1 4 
35 1 4 2 1 1 1 · 3 1 1 1 1 
40 1 1 4 2 1 1 1 3 1 2 1 f--' 
f--' 
45 4 1 1 2 2 3 1 1 2 f--' 
so 1 2 2 2 3 3 3 1 1 1 
S5 1 1 3 2 1 2 1 4 1 1 1 
60 1 1 4 1 1 2 1 3 1 
HOUR TOTAL 
Date: 2/11/36 Total Precipitation: 2.04" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 4 1 1. 1 4 .I. 1 
10 1 2 1. 1 1 1 6 3 12 
15 1 1 1 1 2 9 1 2 1 
20 1 3 1 2 
25 1 3 2 1 1 l 1 
30 9 1 1 1 1 1 
35 s 2 3 . l 'Z 2 1 .., 
40 2 2 4 J. --' 1 ..... ..... 
45 3 2 1 j 2 N 
so l 3 3 1 J. 2 9 1 . 
55 1 1 1 3 l 1 1 2 
60 1 1 1 17 1 
HOUR TOTAL .O :?. 
Date: 2/26/ 40 Totai Precipitation: 1.57" 
Hour 
1 2 3 4 5 f 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 1 1 1 2 1 1 1 1 
10 1 1 1 1 1 
15 1 1 1 1 1 1 1 1 1 
20 1 1 1 1 2 1 1 3 1 1 1 
25 1 1 2 3 2 1 2 1 1 1 2 
30 1 1 1 2 1 1 6 3 1 1 
35 1 1 1 2 1 3 2 2 5 1 
40 1 1 1 1 1 1 1 I-' 
I-' 
45 1 1 1 1 1 1 1 1 1 1 1 1 vi 
50 1 1 2 1 1 2 .1 2 2 
ss 2 1 2 1 1 1 2 1 2 1 2 2 
60 1 2 2 1 1 1 2 1 1 
HOUR TOTAL 
Date: 2/28/ 40 Total Precipitation: 1.18" 
Hour 
1 2 3 4 5 6 7 8 9 . 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 1 1 
10 1 1 2 
15 1 3 1 
20 1 1 1 2 1 1 1 
25 1 1 4 1 1 1 
30 1 17 1 
35 1 1 1 16 1 
40 1 1 1 4 1 .... .... 
45 1 3 1 .i:. 
50 1 5 1 1 1 
55 1 1 1 5 1 3 1 




Date: 3/29/40 Total Precipitation: 1. 79" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minute·· 
5 3 1 1 1 2 2 2 1 1 1 1 
10 1 1 1 1 5 1 1 1 1 
15 1 1 1 1 1 2 1 3 
20 3 2 1 3 2 1 3 1 1 
25 1 3 2 3 5 1 1 1 
30 2 3 1 1 1 2 2 2 
35 4 1 2 1 2 1 5 1 2 
40 2 1 1 3 1 1 1 1--' 
1--' 
45 2 5 2 1 1 1 1 1 (./1 
so 2 6 2 1 1 
55 1 5 3 2 2 1 1 1 3 
60 2 2 1 2 2 1 2 2 1 1 1 
HOUR TOTAL 
Date: 3/ 30/ 40 Total Precipitation: 2.18" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 4 1 1 3 1 1 2 2 1 1 . 1 1 
10 4 3 .1 3 1 1 3 1 1 1 2 1 
15 2 1 2 2 2 1 2 2 3 3 1 
20 1 1 1 2 1 2 2 1 1 1 1 2 1 
25 1 2 4 2 2 1 2 1 1 1 1 1 1 1 
30 1 1 1 2 1 3 1 1 2 1 
35 2 1 2 1 1 1 2 1 1 1 1 
40 3 2 1 1 1 2 5 2 1 I-' 
I-' 
45 1 3 2 1 4 1 1 1 2 2 5 1 1 0\ 
so 2 1 1 2 1 1 1 1 1 1 
55 4 2 2 1 1 1 1 1 1 2 1 
60 4 1 1 1 1 2 1 1 1 1 
HOUR TOTAL 
Date: 1/21/41 Total Precipitation: 0.98" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 1 1 5 
10 1 1 7 
15 1 1 7 
20 1 16 
25 1 20 
30 1 10 
35 2 1 1 7 
40 1 ..... ..... 45 1 '-I 
50 1 8 
55 1 
60 1 1 
HOUR TOTAL 
Date: 4/4/41 Total Precipitation: 1.89" 
Hour 
1 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes ---
5 1 1 2 1 4 
10 2 1 1 2 1 8 3 1 1 
15 1 1 1 1 1 1 1 1 17 2 1 2 
20 1 1 1 1 1 21 1 1 1 
25 1 1 1 1 1 1 8 1 1 
30 1 1 1 1 1 1 5 2 1 2 
35 1 2 2 1 1 1 1 3 2 1 3 




1 1 2 1 1 1 1 2 2 1 00 
so 2 1 1 1 1 1 2 1 
55 1 1 2 1 J 1 2 
60 1 3 1 1 2 1 2 1 
HOUR TOTAL 
Date: 3/2 -: / 47 Total Pr1:cipi tat ion: 1.52'' 
Hour 
l 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
~-1i:; ut es 
5 1 1 2 22 
1() -'- 1 1 1 19 
i5 1 1 1 6 
:?O 1 1 1 1 1 9 
r _::, 1 1 1 1 3 1 
30 1 1 1 5 
35 1 1 1 
40 1 1 l ...... 
I-' . -~.:, 2 2 11 '-0 
50 1 1 2 1 9 
55 1 2 2 6 
60 1 1 1 10 4 
HCUR TOTAL .01 
Date: 10/24/50 Total Precipitation: 2 .14" 
Hour 
l 2 l 4 s 6 7 8 g 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
s s 5 s 5 
10 s 5 s 5 
1S s 5 s 5 
20 s s 5 s 
2S s 5 5 s 
30 s s s s 
35 s s s 4 
40 5 s s ..... 
45 5 s s N 0 
so s 5 5 
55 5 · S 5 
60 s 5 
HOUR TOTAL 
Date: 10/25/50 Total Precipitation: 1.94" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 5 1 1 1 1 1 
10 5 1 1 9 1 
15 5 1 2 1 1 1 3 
20 5 1 1 14 5 2 
25 1 1 1 26 2 3 
30 1 1 1 12 1 2 
35 1 1 3 1 4 
40 3 1 2 2 2 1 1 2 2 I-' 
N 
45 4 1 2 2 1 2 I-' 
so 5 2 2 1 2 1 1 
55 5 1 1 3 1 1 1 
60 5 1 1 1 
HOUR TOTAL 
Date: 10/25/50 Total Precipitation: 1.94" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 5 1 1 1 1 1 
10 5 1 1 9 1 
15 5 1 2 1 1 1 3 
20 5 1 1 14 5 2 
25 1 1 1 26 2 3 
30 1 1 1 12 1 2 
35 1 1 3 1 4 
40 3 1 2 2 2 1 1 2 2 I-' 
N 
45 4 1 2 2 1 2 I-' 
so 5 2 2 1 2 1 1 
55 5 1 1 3 1 1 1 
60 5 1 1 1 
HOUR TOTAL 
Date: 10/26/50 Total Precipitation: 0.99" 
Hour 




15 1 4 
20 5 5 16 1 
25 1 5 5 16 1 1 
30 5 4 1 
35 1 5 2 1 
40 4 1 .... 
45 5 N 2 N 
50 
55 1 1 
60 1 1 1 
HOUR TOTAL 
Date: 10/27/74 Total Precipitation: 3.24" 
Hour 
1 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 s s s s 
10 1 s s s s s 
15 1 3 5 5 5 5 · 5 
20 1 s s 5 5 5 
25 5 5 5 5 5 4 
30 5 2 5 5 5 5 5 
35 5 5 5 5 5 5 5 
40 1 5 2 5 5 5 3 5 ...... 
5 2 N 45 5 5 5 5 ~ 
so 4 5 5 5 5 3 
55 1 5 5 5 5 
















1 2 3 
Date: 11/29/ 51 
4 5 6 7 8 9 
Total Precipitation: 0 . 64" 
Hour 










5 1 1--.) .j::,. 
3 
4 
Date: 11/ 30/ 51 Total Precipitation: 0.43" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 2 1 6 
10 5 1 
15 1 1 2 1 
20 1 2 1 1 
25 1 2 
30 1 1 
35 1 1 
40 
f-' 
5 N 45 (J1 




Date: . 12/1/51 Total Precipitation: 2.54" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 1 2 3 1 
10 1 1 3 3 1 2 
15 2 2 4 4 4 5 6 1 
20 1 2 12 4 1 3 5 3 
25 1 2 17 5 4 5 
30 1 1 2 2 9 4 4 5 2 
35 2 3 1 5 5 5 
40 1 1 1 1 1 4 5 5 5 I-' 
45 1 2 1 1 3 5 
N 
5 Q\ 
so 1 1 2 . 9 1 1 3 
55 1 1 1 12 2 1 
















Date: 1/13/52 Total Precipitation: O. 86" 
Hour 


















Date: 1/ 14/ 52 Total Precipitation: 2.06" 
Hour 
1 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
~linutes 
s 2 1 22 2 1 
10 1 1 3 1 2 1 1 2 
15 1 2 s 1 1 
20 1 3 3 s 1 1 1 
25 1 1 1 2 s 1 1 
30 2 1 7 2 3 1 . 1 
35 1 1 1 1 s s 2 1 
40 1 1 s 9 1 2 6 1 1 
~ 
N 
45 1 1 1 1 1 3 10 00 
so 1 1 1 1 2 1 2 
55 1 18 1 2 3 1 2 1 1 1 
60 1 1 4 1 1 1 1 
HOUR TOTAL 
Date: 1/15/52 Total Precipitation: 1. 47" 
I-lour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 2 5 
10 1 1 5 5 2 
15 5 1 5 
20 1 5 1 5 
25 1 7 1 ·5 2 
30 1 5 5 
35 2 1 5 3 1 
40 2 2 5 1 1 
~ 
N 
45 2 4 5 ID 
50 8 1 3 5 5 1 
55 1 3 1 5 1 2 
60 1 5 
HOUR TOTAL 
Date: 4/2/58 Total Precipitation: 2.04" 
Hour 
i, 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 ·17 18 19 20 21 22 23 24 
Minutes 
5 1 1 2 2 8 1 1 1 3 
10 1 1 1 1 16 1 1 3 
15 1 1 1 1 1 7 1 2 1 
20 1 1 1 1 10 1 2 
25 1 1 1 1 1 1 11 1 3 1 1 
30 1 7 2 1 2 
35 1 1 1 1 8 1 2 1 
40 1 2 1 1 1 1 11 1 1 1 ...... 
vl 
45 1 2 1 9 1 1 0 
so 1 1 1 2 1 4 2 1 1 
55 1 1 1 1 1 1 2 1 1 1 1 
















Date: 5/23/58 Total Precipitation: 0. 63" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
s 1 
19 










Date: l0/12/62 ~otal Fi·- ·~;tation: 1.92" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 . 13 14 15 16 17 18 19 20 21 22 23 24 
~linute,· ----
5 3 1 1 1 2 2 1 1 1 
10 3 1 1 2 3 1 1 1 
15 2 1 1 1 1 3 2 1 1 
20 1 1 1 1 1 1 2 1 1 2 1 
25 1 1 1 1 1 2 2 1 1 
30 2 1 3 2 1 3 1 1 
35 1 1 17 3 2 1 2 
40 8 2 2 2 1 ..... 
I~ 5 1 1 1 4 12 2 1 1 1 
v,l 
N 
50 1 2 1 3 8 1 1 1 1 1 
55 1 1 1 1' 6 2 1 1 1 1 
60 2 4 4 1 2 1 1 
HOUR TOTAL .,. 
Date: 10/ 13/ 62 Total Precipitation: 1.80" 
Hour 
l 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 3 1 1 1 1 2 ·1 1 l 2 l 
10 l l 1 1 . 1 1 1 1 2 1 • .. 
15 l l 1 l 2 1 1 1 1 1 2 2 2 
20 1 l l 1 2 1 1 l 
25 1 2 1 l 3 1 1 1 1 1 1 1 7 
30 l l 1 l 1 2 1 1 1 1 1 6 l l 
35 1 l l 1 1 2 2 1 1 1 1 1 l 
40 2 l 1 l 1 2 2 1 1 l 1 l l ...... 
~ 
45 l l 2 l l 1 1 1 3 1 1 l ~ 
so l l l 1 2 1 1 l 1 2 1 l 
55 l 2 1 l 1 l 1 l 1 2 1 
60 l l l 1 l l l 1 l 2 l 
HOUR TOTAL 
-i-_, 
Date: 12/17/67 Total Precipj tat ion: 0. 70" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 1 
10 1 2 
15 1 
20 3 1 1 20 
25 1 1 11 
30 1 
35 1 1 1 1 
40 3 2 1 1 
f--' 
45 1 1 vi ~ 
50 2 1 1 1 
55 1 1 1 1 
60 1 1 1 
HOUR TOTAL 
Date: 1/10/68 Total Precipitation: 1. 15" 
Hour 
1 2 3 4 5 E 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 2 2 2 1 1 
10 1 1 2 3 
15 1 2 2 1 2 
20 2 1 2 1 3 
25 1 1 3 2 
30 1 1 2 2 1 
35 1 1 2 2 1 
40 1 2 26 1 I-' 
<.M 
45 1 1 3 3 V1 
50 1 1 2 5 
55 1 1 2 3 
60 1 1 1 3 1 
HOUR TOTAL 
Date: 3/12/71 Total Precipitation: 1.35" 
Hour 
l 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 1 1 1 1 1 1 
10 1 2 2 1 1 
15 1 1 1 8 1 1 1 
20 3 23 1 1 1 
25 1 21 1 
30 1 1 1 7 1 2 
35 1 3 2 1 1 3 
40 1 1 1 1 1 1 1 1 ..... 
45 1 1 1 1 1 1 ~ °' 
so 1 1 1 1 1 1 1 
55 1 1 1 1 1 1 1 
60 1 1 1 1 
HOUR TOTAL 
• 
Date: 3/30/73 Total Precipitation: 0. 40" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minute<: 
5 1 1 1 1 1 
10 1 1 1 
15 1 1 1 1 1 
20 1 
25 1 1 1 1 1 
30 1 1 
35 1 1 1 1 
40 t--' 
45 1 1 1 
(.,.l 
1 1 -..J 
50 1 
55 1 1 1 2 1 1 
60 1 1 
HOJlIL TOTAL 
Date: 10/11/73 Total Precipitation: 1.74" 
Hour 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Minutes 
5 2 2 1 15 1 1 
10 2 3 1 7 2 1 1 1 
,___,_. 
1 5- 2 2 1 3 1 1 1 
20 2 2 2 4 1 
25 L 1 2 1 3 1 1 
30 2 1 2 1 1 
35 1 2 2 1 5 1 
40 2 1 1 6 3 1 .... 
45 3 2 2 7 1 1 1 V'l 00 
50 1 1 2 8 5 1 1 
55 2 2 3 5 1 
60 3 2 7 5 1 1 1 
HOUR TOTAL 
